


NOTICE 

This  r e p o r t  was prepared  as an account  of Government-sponsored work. 
t h e  United States,  nor  t h e  N a t i o n a l  Aeronaut ics  and Space A d m i n i s t r a t i o n  (NASA), 
nor  any person  a c t i n g  on behal f  of NASA: 

N e i t h e r  

A.) Makes any w a r r a n t y  o r  r e p r e s e n t a t i o n ,  expressed  o r  i m p l i e d ,  wi th  
r e s p e c t  t o  t h e  accuracy ,  completeness ,  o r  u s e f u l n e s s  of t h e  i n f o r -  
mat ion  c o n t a i n e d  i n  t h i s  r e p o r t ,  o r  t h a t  t h e  use  of any i n f o r m a t i o n ,  
a p p a r a t u s ,  method, o r  process  d i s c l o s e d  i n  t h i s  r e p o r t  may n o t  in -  
f r i n g e  privately-owned r i g h t s ;  o r  

Assumes any l i a b i l i t i e s  w i t h  r e s p e c t  t o  t h e  u s e  o f ,  o r  f o r  damages 
r e s u l t i n g  from t h e  use  of  any i n f o r m a t i o n ,  a p p a r a t u s ,  method o r  

r o c e s s  d i s c l o s e d  i n  t h i s  r e p o r t .  

"person a c t i n g  on b e h a l f  of NASA" i n c l u d e s  any employee o r  con- 
e e x t e n t  t h a t  such employee o r  c o n t r a c t o r  of NASA o r  employee of 
r p r e p a r e s ,  d i s s e m i n a t e s ,  o r  provides  access t o  any i n f o r m a t i o n  
s employment o r  c o n t r a c t  w i t h  NASA, o r  h i s  employment w i t h  such 
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FOREWORD 

The work desc r ibed  h e r e i n ,  which w a s  conducted by t h e  Mar t in  Marietta 
Corpora t ion ,  Denver D i v i s i o n ,  w a s  performed under NASA Cont rac t  NAS3-12028. 
The work w a s  done under t h e  management of t h e  NASA P r o j e c t  Manager, M r .  James 
R. Faddoul,  L iquid  Rocket Technology Branch, NASA-Lewis Research Center .  
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ABSTRACT 

Screening  tests conducted on 15 a l l o y s  i n d i c a t e d  t h a t  only two, PH 14-8 MO 
and M P  35 N ,  developed s i g n i f i c a n t l y  h i g h e r  s t r e n g t h s  when s t r a i n e d  a t  cyro- 
genic  tempera tures  t h a n  when s t r a i n e d  a t  room temperature .  From a d d i t i o n a l  
t e s t i n g  of PH 14-8 Mo i t  w a s  determined t h a t  t h i s  material can b e  c r y o s t r a i n e d  
and aged t o  h i g h e r  s t r e n g t h s  t h a n  t h o s e  achieved through i n d u s t r y  s t a n d a r d  
t r e a t m e n t s ,  Through combined c r y o s t r a i n - a g i n g  t r e a t m e n t s  i t  i s  p o s s i b l e  t o  
s t r e n g t h e n  PH 14-8 Mo t o  o b t a i n  y i e l d  s t r e n g t h  t o  d e n s i t y  r a t i o s  i n  excess  of 
1 X lo6 i n c h e s .  Although f u r t h e r  s t u d y  i s  necessary  b e f o r e  a f i n a l  determina- 
t i o n  can b e  made t h e  i n d i c a t i o n s  are t h a t  PH 14-8 Mo c r y o s t r a i n e d  and aged t o  
above normal s t r e n g t h s  w i l l  have s u f f i c i e n t  toughness and c o r r o s i o n  r e s i s t a n c e  
t o  b e  a u s e f u l  s t r u c t u r a l  material. 
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PROPERTIES OF CRYOGENICALLY 
WORKED MATERIALS 

F INAL  REPORT 

By  R. G. Herzog, S.  H. Osgood and D. L i g h t y  

SUMMARY 

During t h e  f i r s t  y e a r  of t h e  two-year program conducted under Cont rac t  
NAS3-12028, 15 a l l o y s  were s e l e c t e d  and t e s t e d  t o  de te rmine  t h o s e  f o r  which 
cryoworking is  a p o t e n t i a l l y  u s e f u l  s t r e n g t h e n i n g  p r o c e s s .  The t es t  materials 
were procured i n  t h e  form of s h e e t  o r  s t r i p ,  i n  t h e  range  of 0.050 inch  (0.127 
cm) t o  0.100 inch  (0.254 cm) t h i c k .  With t h e  e x c e p t i o n  of t h e  magnesium a l l o y  
LA 141 A, t h e  tes t  materials were procured i n  t h e  annealed o r  s o l u t i o n  t r e a t e d  
c o n d i t i o n .  LA 141 A w a s  procured i n  t h e  s t a b i l i z e d  (-T7) c o n d i t i o n  and s t r a i n e d  
i n  t h a t  c o n d i t i o n .  Three o t h e r  a l l o y s ,  t h e  2219 and 6061 aluminum a l l o y s ,  and 
t h e  t i t a n i u m  a l l o y  6AQ-4V E L I ,  a l t h o u g h  procured i n  t h e  annealed c o n d i t i o n  were 
s t r a i n e d  i n  t h e  s o l u t i o n  t r e a t e d  c o n d i t i o n .  The materials were cryoworked by 
s t r a i n i n g  them i n  u n i a x i a l  t e n s i o n  w h i l e  they were immersed i n  and a t  thermal  
e q u i l i b r i u m  w i t h  a cryogen ( c r y o s t r a i n i n g ) .  

The m a t e r i a l s  t e s t e d  were: aluminum a l l o y s ,  2219, 6061, and 5456; b e r y l l i u m  
copper (CDA 172); c o b a l t  a l l o y ,  L-605; c o b a l t - n i c k e l  a l l o y ,  MP 35 N ;  magnesium 
a l l o y ,  LA 141 A; n i c k e l  a l l o y s ,  Inconel  718 and Nicke l  440; steel ,  A-286, 
PH 14-8 Mo, 21-6-9, and TRIP steel; and t h e  t i t a n i u m  a l l o y s ,  5AQ-2.5 Sn E L I ,  
and 6AR-4V ELI .  At t h e  conclus ion  of t h e  f i r s t  y e a r ' s  work i t  w a s  determined 
t h a t  cryoworking w a s  a p o t e n t i a l l y  u s e f u l  method of s t r e n g t h e n i n g  only  two of 
t h e  a l l o y s  t e s t e d :  PH 14-8 Mo and MP 35 N. 

For another  seven  a l l o y s  c r y o s t r a i n i n g  w a s  found t o  b e  a more e f f e c t i v e  
method of s t r e n g t h e n i n g  t h a n  room tempera ture  s t r a i n i n g .  These a l l o y s  have a 
h i g h e r  uniform s t r a i n  c a p a b i l i t y  a t  c ryogenic  tempera tures  t h a n  a t  room t e m -  
p e r a t u r e .  Consequently,  they  can  b e  s t r a i n e d  and worked more a t  c ryogenic  tem-  
p e r a t u r e s  t h a n  a t  room tempera ture ,  t h u s  developing h i g h e r  s t r e n g t h s  through 
c r y o s t r a i n i n g .  However, t h e  magnitude of t h e  s t r e n g t h  i n c r e a s e  t h a t  i s  p o s s i b l e  
by working t h e s e  a l l o y s  a t  c ryogenic  tempera tures  is  p r o p o r t i o n a l l y  s o  s m a l l  
an  i n c r e a s e  w i t h  r e s p e c t  t o  s t r e n g t h s  developed through room tempera ture  work- 
i n g  t h a t  c r y o s t r a i n i n g  does n o t  m e r i t  c o n s i d e r a t i o n  as a p r a c t i c a l  method of 
s t r e n g t h e n i n g  them. The seven a l l o y s  i n  t h i s  ca tegory  are:  6061, 5456, Inconel  
718, Nickel  440, b e r y l l i u m  copper ,  A-286, and 21-6-9. 

For t h e  o t h e r  a l l o y s  t e s t e d  i t  w a s  found t h a t  c r y o s t r a i n i n g  h a s  no advantage 
over  room tempera ture  s t r a i n i n g  w i t h  r e s p e c t  t o  developing h i g h e r  s t r e n g t h s .  

The f i r s t  phase of t h e  second y e a r ' s  work c o n s i s t e d  of a c o n t i n u a t i o n  of 
t h e  s c r e e n i n g  tests begun d u r i n g  t h e  f irst  y e a r .  However, on ly  t h r e e  a l l o y s ,  
all s e m i a u s t e n i t i c  p r e c i p i t a t i o n  hardening s t a i n l e s s  steels; PH 14-8 Mo, PH 15-7 
Mo, and 17-7 PH were t e s t e d .  The purpose of t h e s e  tests w a s  t o  determine,  on t h e  



basis of comparat ive response  t o  cryoworking, t h e  a l l o y  t o  make t h e  s u b j e c t  of 
more d e t a i l e d  s t u d y  dur ing  t h e  remainder of t h e  program. PH 14-8 Mo was ul- 
t i m a t e l y  s e l e c t e d  f o r  t h i s  purpose.  

From t h e  r e s u l t s  of tests conducted d u r i n g  t h e  second y e a r  of t h e  program 
i t  w a s  concluded t h a t  c r y o s t r a i n i n g  i s  an e f f e c t i v e  method f o r  s t r e n g t h e n i n g  
each of t h e  t h r e e  a l l o y s  t e s t e d .  A l l  t h r e e  s teels  can be c r y o s t r a i n e d  and 
aged t o  develop t e n s i l e  s t r e n g t h s  above 300 000 p s i  (206 900 N/cm2). None of 
t h e  s teels  evidenced s i g n i f i c a n t  a n i s o t r o p y .  PH 15-7 Mo developed h i g h e r  
s t r e n g t h  p e r  u n i t  of s t r a i n  t h a n  t h e  o t h e r  a l l o y s ;  however, test r e s u l t s  a l s o  
i n d i c a t e d  t h a t  PH 15-7 Mo w a s  n o t  as tough as t h e  o t h e r s  a f t e r  comparable cryo- 
s t r a i n i n g .  

PH 14-8 Mo w a s  s e l e c t e d  f o r  a d d i t i o n a l  t e s t i n g  and s t u d y  because i t  devel-  
oped h i g h e r  s t r e n g t h s  p e r  u n i t  of s t r a i n  than 17-7 PH, w a s  found t o  have h i g h e r  
postweld s t r a i n  c a p a b i l i t y  than  17-7 PH o r  PH 15-7 Mo, and, a l though no s p e c i f i c  
tests w e r e  conducted, t h e r e  were i n d i c a t i o n s  t h a t  PH 14-8 Mo w a s  somewhat 
tougher  than  t h e  o t h e r  two s teels  a f t e r  c r y o s t r a i n i n g  and ag ing .  

Conclusions drawn from t h e  r e s u l t s  of  tests conducted on PH 14-8 Mo are: 

1) Cryos t ra ined  PH 14-8 Mo can b e  aged t o  maximum s t r e n g t h  p e r  s t r a i n  
l eve l  a t  tempera tures  from 800°F (700°K) t o  950°F (783°K). Aging 
t i m e s  must,  however, b e  a d j u s t e d  t o  compensate f o r  d i f f e r e n c e s  i n  
ag ing  tempera tures :  as ag ing  tempera ture  i n c r e a s e s  t h e  t i m e  a t  
temperature  t o  achieve  maximum s t r e n g t h  d e c r e a s e s .  

2 )  The toughness of  c r y o s t r a i n e d  PH 14-8 Mo i s  s l i g h t l y  b e t t e r ,  a t  
e q u a l  s t r e n g t h s ,  a f t e r  ag ing  a t  950°F (783°K) than  a f te r  ag ing  a t  
900°F (756°K) o r  a t  800°F (700°K). 

3)  Cryos t ra ined  and aged,  room tempera ture  s t r a i n e d  and aged, o r  an- 
n e a l e d  PH 14-8 Mo are more r e s i s t a n t  t o  c o r r o s i o n  by an  aqueous 
3.5 NaCR s o l u t i o n  than  PH 14-8 Mo SRH 950 o r  PH 14-8 Mo SRH 1050. 

4)  The t e n s i l e  p r o p e r t i e s  of  PH 14-8 Mo developed by c r y o s t r a i n i n g  

5 )  Due t o  t h e  Bauschinger e f f e c t ,  t h e  compression y i e l d  s t r e n g t h  of 

are r e l a t i v e l y  i n s e n s i t i v e  t o  s t r a i n  ra te .  I 

c r y o s t r a i n e d  ( i n  t e n s i o n )  and unaged PH 14-8 Mo i s  much lower than 
i t s  t e n s i l e  y i e l d  s t r e n g t h .  

6 )  Aging, even f o r  s h o r t  p e r i o d s  of t i m e  a t  800°F (700°K), provides  
s u f f i c i e n t  stress r e l i e f  s o  t h a t  t h e  Bauschinger e f f e c t  i s  e l i m -  
i n a t e d  and compression y i e l d  s t r e n g t h s  equal  t o  o r  s l i g h t l y  excsed- 
i n g  t h e  t e n s i l e  y i e l d  s t r e n g t h s  of comparably condi t ioned  PH 14-8 
Mo are achieved.  

7) The d a t a  i n d i c a t e  t h a t  PH 14-8 Mo c r y o s t r a i n e d  and aged t o  above 
normal s t r e n g t h s  w i l l  r e t a i n  s u f f i c i e n t  toughness and c o r r o s i o n  
r e s i s t a n c e  t o  s e r v e  as a s t r u c t u r a l  material .  More comprehensive 
s t u d y  i s  r e q u i r e d ,  however, b e f o r e  a f i n a l  d e t e r m i n a t i o n  can b e  
made a 
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I. INTRODUCTION 

Pure  metals and many common s t r u c t u r a l  metal l ic  a l l o y s ,  f o r  example, t h e  
300 series a u s t e n i t i c  s t a i n l e s s  s teels  and t h e  non-hea t - t rea tab le  aluminum 
a l l o y s ,  cannot b e  s t r e n g t h e n e d  by thermal  t r e a t m e n t ,  b u t  t h e y  do develop h i g h e r  
s t r e n g t h s  through co ld  working. Cold working is  t h e  p l a s t i c  deformation of a 
metal o r  metal l ic  a l l o y  a t  a tempera ture  below i t s  r e c r y s t a l l i z a t i o n  tempera- 
t u r e  (Ref. 1). Metals and a l l o y s  are g e n e r a l l y  c o l d  worked a t  tempera tures  
above room temperature .  
l o y s  a t  tempera tures  below room tempera ture  h a s  a t t r a c t e d  s u f f i c i e n t  i n t e r e s t  
and s t u d y  s o  t h a t  some p r o c e s s e s  have been developed f o r  working m a t e r i a l s  a t  
c ryogenic  tempera tures .  For example, Arde I n c . ,  h a s  developed and p a t e n t e d  t h e  
Ardeform Process  (Ref. 2 ) ,  a method of producing high-performance p r e s s u r e  ves- 
sels by cryogenic  s t r e t c h  forming. The p r o c e s s  i n v o l v e s  t h e  c o n t r o l l e d  p l a s t i c  
deformation a t  -320°F (78 'K)  of p r e s s u r e  vessels made from 301 s t a i n l e s s  steel 
(Ref. 3 ) .  Also,  t h e  F o s t e r  Wheeler Corp.,  h a s  been awarded a p a t e n t  (Ref. 4)  
f o r  a unique method of forming p r e s s u r e  vessels from 301 s t a i n l e s s  s tee l .  T h i s  
method i n c l u d e s  a technique  f o r  e x p l o s i v e l y  forming t h e  301 s t ee l  a t  -320°F 
( 7 8 ° K ) .  

I n  r e c e n t  y e a r s ,  however, t h e  working of metal l ic  a l -  

The Ardeform P r o c e s s  and t h e  F o s t e r  Wheeler methods e x p l o i t  t h e  a u s t e n i t e -  
t o - m a r t e n s i t e  t r a n s f o r m a t i o n  t h a t  can b e  induced i n  m e t a s t a b l e  301 s t a i n l e s s  
s tee l  by p l a s t i c a l l y  working t h e  material a t  -320°F ( 7 8 ° K ) .  
t u r e  t h e  t r a n s f o r m a t i o n  is  s t r a i n - i n d u c e d  and s t ra in-dependent ,  t h a t  i s ,  t h e  
amount of m a r t e n s i t e  formed i n c r e a s e s  as s t r a i n  i s  i n c r e a s e d  (Ref. 3 ) .  The 
301 i s  hardened and s t r e n g t h e n e d  by t h e  t r a n s f o r m a t i o n ,  w i t h  t h e  i n c r e a s e  i n  
t h e s e  p r o p e r t i e s  dependent upon t h e  f i n a l  m a r t e n s i t e - t o - a u s t e n i t e  r a t i o  (Ref.  
3 ) .  The forming methods developed by Arde and F o s t e r  Wheeler t h e n  are proc- 
esses f o r  s t r e n g t h e n i n g  m e t a s t a b l e  301 s t a i n l e s s  s teel  by s t r a i n i n g  t h e  ma- 
t e r i a l  a t  -320'F ( 7 8 ° K )  t o  induce  t h e  a u s t e n i t e  t o  m a r t e n s i t e  t r a n s f o r m a t i o n .  

A t  t h i s  tempera- 

Mangonon and Thomas (Ref. 5 and 6 )  r e p o r t  on t r a n s f o r m a t i o n s  induced i n  
304 s t a i n l e s s  steel by s t r a i n i n g  i t  a t  c ryogenic  tempera tures ,  and t h e  addi-  
t i o n a l  e f f e c t s  produced by subsequent  thermal  t r e a t m e n t s .  It is  r e p o r t e d  
t h a t  by a p p r o p r i a t e  mechanical-thermal t r e a t m e n t s ,  room tempera ture  t e n s i l e  
y i e l d  s t r e n g t h s  of 200 000 p s i  (137 900 N / c m 2 >  and g r e a t e r ,  and e l o n g a t i o n s  of 
up t o  10 p e r c e n t ,  are developed. The developed p r o p e r t i e s  are shown t o  b e  re la t -  
ed t o  t h e  percentage  of m a r t e n s i t e  i n  t h e  mechanical- thermally t r e a t e d  s t r u c t u r e .  

The behavior  of materials a t  c ryogenic  tempera tures  h a s  been,  and c o n t i n u e s  
t o  be ,  t h e  s u b j e c t  of many i n v e s t i g a t i o n s  (Ref.  7 ) .  The working of materials 
a t  cryogenic  tempera tures  (cryoworking o r  c r y o s t r a i n i n g ) ,  h a s  n o t  been as 
e x t e n s i v e l y  i n v e s t i g a t e d ,  however. This  program w a s  conducted t o  de te rmine  
how t h e  room-temperature t e n s i l e  p r o p e r t i e s  of s e l e c t e d  metal l ic  a l l o y s  are 
a f f e c t e d  by cryoworking. The two-year program w a s  d i v i d e d  i n t o  two one-year 
segments. During t h e  f i r s t  y e a r  a s c r e e n i n g  program w a s  conducted t o  tes t  15 
s e l e c t e d  me ta l l i c  a l l o y s .  The purpose of t h e  s c r e e n i n g  program w a s  t o  i d e n t i f y  
t h e  a l l o y s  t h a t  were most s i g n i f i c a n t l y  a f f e c t e d ,  t h a t  i s ,  s t r e n g t h e n e d  by 
cryoworking. Data developed d u r i n g  t h e  f i r s t  y e a r  were used t o  se lec t  t h r e e  
a l l o y s  f o r  t h e  s c r e e n i n g  tests conducted d u r i n g  t h e  f i r s t  t e c h n i c a l  t a s k  of t h e  
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second y e a r .  
i n g  t h e  remainder  of t h e  program. 
least one a l l o y  t h a t  can b e  cryoworked t o  s i g n i f i c a n t l y  increase i ts  t ens i l e  
s t r e n g t h  wi thout  s u f f e r i n g  t o o  severe a d e g r a d a t i o n  of d u c t i l i t y ,  toughness ,  
and c o r r o s i o n  r e s i s t a n c e .  

One of t h e  a l l o y s  was t h e n  s u b j e c t e d  t o  more d e t a i l e d  s t u d y  dur- 
The o b j e c t i v e  of  t h e  program was t o  f i n d  a t  

The Technica l  Task o u t l i n e  of t h e  e n t i r e  program is :  

Task I - Materials S e l e c t i o n ;  

Task I1 - P r e p a r a t i o n  of B a s e l i n e  and Cryosoaked Specimens; 

Task I11 - P r e p a r a t i o n  of Cryoworked Specimens; 

Task I V  - Room Temperature T e s t i n g ;  

Task V - E v a l u a t i o n  of R e s u l t s ;  

Task V I  - S e l e c t i o n  of a Promising Al loy;  

Task V I 1  - Thermal Response Tests; 

Task V I 1 1  - Toughness, S t r e s s  Corrosion,  High Energy R a t e  S t r a i n i n g  

Task I X  - . A n a l y s i s .  

Tests, and Compression T e s t s ;  

The f i r s t  y e a r ' s  program c o n s i s t e d  of Tasks I through V.  The r e s u l t s  of 
t h e s e  Tasks are compiled i n  t h e  C o n t r a c t  I n t e r i m  Report ,  (Ref. 8) .  Tasks V I  
through I X  were conducted dur ing  t h e  second y e a r .  
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I I .  SYNOPSIS OF THE INTERIM REPORT 

The r e s u l t s  of t h e  t e s t i n g  performed d u r i n g  t h e  f i r s t  y e a r  of t h e  program 
are conta ined  i n  an  i n t e r i m  r e p o r t ,  CR-72638. This  c h a p t e r  c o n t a i n s  a summary 
of t h a t  r e p o r t  and a n  o u t l i n e  of t h e  second y e a r ' s  program. 

The work accomplished d u r i n g  t h e  f i r s t  y e a r  of t h e  program w a s  d i v i d e d  i n t o  
f i v e  t e c h n i c a l  t a s k s ,  namely: 

Task I - Materials S e l e c t i o n ;  

Task I1 - P r e p a r a t i o n  of  Base l ine  and Cryosoaked Specimens; 

Task I11 - P r e p a r a t i o n  of Cryoworked Specimens; 

Task I V  - Room Temperature T e s t i n g ;  

Task V - Evalua t ion  of R e s u l t s .  

TASK I - MATERIAL SELECT ION 

The o b j e c t i v e  of t h e  program w a s  t o  f i n d  a metal l ic  a l l o y  t h a t  i s  appre- 
c i a b l y  s t r e n g t h e n e d  by c r y o s t r a i n i n g ,  y e t  r e t a i n s  s u f f i c i e n t  d u c t i l i t y ,  tough- 
n e s s ,  and c o r r o s i o n  r e s i s t a n c e  s o  t h a t  i t s  u t i l i t y  as a s t r u c t u r a l  material i s  
n o t  l o s t .  To a c h i e v e  t h i s  o b j e c t i v e  i t  w a s  necessary  t o  s e l e c t  and test ma- 
ter ia ls  w i t h  a h i g h  p o t e n t i a l  f o r  u s e  i n  c r i t i c a l  s t r u c t u r a l  a p p l i c a t i o n s ,  
p a r t i c u l a r l y  aerospace  s t r u c t u r e s  and a i r b o r n e  p r e s s u r e  vessels. Consequently,  
i n  s e l e c t i n g  materials f o r  t e s t i n g  i n  Tasks 11, 111, and I V ,  p r i o r i t y  was g iven  
t o  s t r u c t u r a l  materials, p a r t i c u l a r l y  t h o s e  s u i t a b l e  f o r  h i g h  performance a i r -  
borne tankage.  Other  f a c t o r s  cons idered  were: 

1) Cont rac t  requi rements  - t o  select and tes t  a minimum of f i f t e e n  
a l l o y s ,  w i t h  no more t h a n  f i v e  a l l o y s  from any one b a s e  metal sys- 
t e m ;  

2 )  A material ' s  p r o p e r t i e s  and c h a r a c t e r i s t i c s ,  s p e c i f i c a l l y :  

a )  C r y s t a l  S t r u c t u r e ,  

b )  S t r a i n  Hardening C h a r a c t e r i s t i c s ,  

c )  Thermal Hardening C h a r a c t e r i s t i c s ,  

d )  Phase Transformat ions ,  

e )  P r o p e r t i e s  a t  Cryogenic Temperatures,  P a r t i c u l a r l y  D u c t i l i t y ,  

f ) W e l d a b i l i t y  , 
g )  Formabi l i ty ,  

h )  A v a i l a b i l i t y  i n  Sheet  o r  S t r i p  Form. 
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After a review of data collected from three literature searches (National 
Aeronautics and Space Administration, Department of Defense, and the National 
Bureau of Standards), and consultation with authoritative personnel in the 
metal-producing and metal-working industries, the following alloys were selected 
and tested : 

Aluminum Alloys - 
Cobalt Alloy - 

Copper Alloy \ - 

Magnesium Alloy - 
Nickel Alloys - 

Titanium Alloys - 

Cobalt-Nickel Alloy - 

Steels - 

2219, 5456, and 6061, 
L-6 05 , 
MP 35 N, 
Beryllium Copper, 

LA 141 A, 
Inconel 718, Nickel 440, 
A-286, PH 14-8 Mo, TRIP, 21-6-9, 
Ti-6AR-4V ELI, Ti-5AR-2.5Sn ELI. 

Not all of these alloys are entirely consistent with the premise of select- 
ing materials with a high potential for structural applications. 
requirement to select ‘15 alloys, with no more than 5 from any one alloy system, 
provided the opportunity to include several alloys on the basis of academic 
interest, rather than for structural potential. 

However, the 

TASKS 11, 111, AND I V  

Tasks 11, 111, and IV were conducted as consecutive tasks; in Tasks I1 and 
I11 specimens were prepared for the tests conducted in Task IV. The objective 
of the combined Tasks was to determine those alloys among the 15 tested, for 
which cryostraining is a potentially practical strengthening process. 
developed to achieve this objective was based on the following factors: 

The plan 

1. 

2. 

3 .  

The test materials would be procured in the form of sheet or strip, 
as appropriate for each alloy; 
The test materials would be strained in the annealed, solution-an- 
nealed, or solution-treated condition, as appropriate for each al- 
loy. 
these conditions and strained in that condition, with the exception 
of the magnesium-lithium alloy, LA 141 A, the aluminum alloys, 2.219 
and 6061, and the titanium alloy, Ti-6AR-4V ELI. The last three 
would be procured in the annealed condition and then be solu- 
tion-heat-treated before straining. LA 141 A, would be procured 
and strained in the -T7 (stabilized) condition; 
The materials would be strained in uniaxial tension, using standard 
tensile test machines and standard tensile test specimens (consist- 
ent with ASTM E8-69 specifications). 

Consequently, all the materials would be procured in one of 
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4 .  A s t r a i n  ra te  of 0.050 i n c h  p e r  i n c h  p e r  minute (0.050 cm/cm/min) 
would be used i n  s t r a i n i n g  a l l  specimens.  

Specimens of each a l l o y  would be s t r a i n e d  a t  room tempera ture ,  
-110°F (198"K), -320°F (78"K), and -423°F (20°K). 

6 .  A t  each tempera ture  some specimens of each a l l o y  would be g iven  a 
low s t r a i n ,  some an  i n t e r m e d i a t e  s t r a i n ,  and some a h i g h  s t r a i n .  
The low, i n t e r m e d i a t e ,  and h i g h  s t r a i n s  would b e  d e s i g n a t e d  3s 
s t r a i n  levels  A ,  B y  and C y  r e s p e c t i v e l y .  The s t r a i n  levels would 
v a r y  w i t h  a l l o y  and a l s o  w i t h  tempera ture ,  be ing  dependent and pro- 
p o r t i o n a l  t o  a n  a l l o y ' s  c a p a b i l i t y  t o  s t r a i n  uniformly a t  a temper- 
a t u r e .  

Some specimens of each a l l o y  would only  b e  exposed t o  (soaked a t )  
t h e  c ryogenic  tempera tures .  These cryosoaked specimens would be 
i d e n t i f i e d  as: 0% s t r a i n e d  a t  -- ( t h e  a p p r o p r i a t e  tempera ture) .  

5. 

7. 

8. Some specimens of each a l l o y ,  b a s e l i n e  specimens,  would be i d e n t i -  
f i e d  by t h e  s e l f - e x p l a n a t o r y  d e s c r i p t i o n :  0% s t r a i n e d  a t  room t e m -  
p e r a t u r e .  

cryosoaked, and c r y o s t r a i n e d  specimens would be g iven  i n d u s t r y  
s t a n d a r d  ag ing  t r e a t m e n t s ;  t h e  remaining specimens of each l o t  
would remain unaged. 

9 .  For t h e  h e a t - t r e a t a b l e  a l l o y s  one-half of each l o t  of b a s e l i n e ,  

10. Specimens prepared  as d e s c r i b e d  i n  i t e m s  2 through 9 would b e  ten-  
s i l e  t e s t e d  a t  room tempera ture  t o  o b t a i n  u l t i m a t e  t e n s i l e  s t r e n g t h ,  
t e n s i l e  y i e l d  s t r e n g t h  (0.2% o f f s e t ) ,  and p e r c e n t  e l o n g a t i o n  i n  2 
i n c h e s .  

The s c r e e n i n g  program was d i v i d e d  i n t o  t h r e e  s e p a r a t e ,  y e t  r e l a t e d  t e c h n i c a l  
t a s k s :  Task 11, Task I11 and Task IV. During Task 11, t h e  b a s e l i n e  and cryo- 
soaked specimens were prepared .  A l so ,  p r e l i m i n a r y  t e s t i n g  was conducted t o  de- 
te rmine  each a l l o y ' s  c a p a b i l i t y  f o r  uniform s t r a i n i n g  a t  each of t h e  f o u r  t e m -  
p e r a t u r e s .  The cryoworked ( c r y o s t r a i n e d )  specimens were prepared  d u r i n g  Task 
111, w h i l e  t h e  room tempera ture  t e s t i n g  of b a s e l i n e ,  cryosoaked, and c r y o s t r a i n e d  
specimens w a s  accomplished d u r i n g  Task IV. 

More d e t a i l e d  d e s c r i p t i o n s  of t h e  work accomplished d u r i n g  each  of t h e  t h r e e  
t a s k s  f o l l o w s .  

TASK I 1  - PREPARATION OF BASELINE AND CRYOSOAKED SPECIMENS 

Specimen Production 

With t h e  e x c e p t i o n  of t h e  specimens s t r a i n e d  a t  -423°F (20"K), specimens 
used i n  Tasks I1 and I11 were t h e  f l a t  f r i c t i o n - l o a d e d  t y p e  shown i n  F igure  1. 
Pin-loaded specimens of t h e  t y p e  shown i n  F i g u r e  2 w e r e  used f o r  s t r a i n i n g  a t  
-423°F (20°K).  
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Figure 1. Configuration of Specimens Tested o r  Strained a t  Room Temperature, 
-1 1 O°F (1940K), -320OF (780K) 
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Figure 2. Configuration o f  Specimens Strained o r  Tested a t  -423OF (20°K) 
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I n  r e g a r d  t o  making t h e  specimens,  t h e  procedure  fol lowed w a s  t o  f i r s t  
app ly ,  by photographic  p r o c e s s ,  a 0.100 i n .  (0.254 cm) squa re  g r i d  p a t t e r n  
(F ig .  3) t o  one s i d e  of t h e  s h e e t  o r  s t r i p  material. 
then  shea red  i n t o  b l anks  f o r  machining: t . x  7 / 8  i n .  (2.22 cm) wide x 8 i n .  
(20.32 cm) long f o r  t h e  f r i c t i o n - l o a d e d  specimens; t x 1-5/8 i n .  (4.13 em) wide 
x 8 i n .  (20.32 cm) long  f o r  t h e  pin-loaded specimens.  The b l anks  were t h e n  
machined t o  specimen c o n f i g u r a t i o n  i n  packs of 20 p i e c e s  minimum, depending upon 
material t h i c k n e s s .  For a l l  t h e  specimens used i n  Tasks 11, I11 and I V  t h e  
l o n g i t u d i n a l  g r a i n  d i r e c t i o n  of t h e  material w a s  p a r a l l e l  t o  t h e  l o n g i t u d i n a l  
a x i s  of t h e  specimen. 

The s h e e t  o r  s t r i p  w a s  

Uniform Strain Capability (USC) Determination 

During Task 11, a p r e l i m i n a r y  and y e t  v i t a l  set of tests w a s  conducted. The 
purpose of t h e s e  tes ts  w a s  t o  de te rmine  each  a l l o y ' s  c a p a b i l i t y  t o  s t r a i n  un i -  
formly a t  each of  t h e  f o u r  s t r a i n i n g  tempera tures .  To o b t a i n  t h e s e  d a t a  a mini-  
mum of two specimens of each a l l o y  were t e n s i o n  t e s t e d  t o  f a i l u r e  a t  each  
tempera ture .  For a l l  a l l o y s ,  t h e s e  t e n s i o n  t es t  specimens were t e s t e d  i n  t h e  
c o n d i t i o n  (e .g . ,  annea led )  i n  which o t h e r  specimens of t h e  a l l o y  were subsequent-  
l y  cryosoaked o r  c r y o s t r a i n e d .  
u l t i m a t e  t e n s i l e  s t r e n g t h ;  t o t a l  e l o n g a t i o n  ove r  a gage l e n g t h  of two i n c h e s ;  
and uniform e l o n g a t i o n  ove r  a one-inch gage l e n g t h .  
y i e l d  s t r e n g t h  w a s  a l s o  measured. 
f r a c t u r e  (F igu re  4 ) ,  w h i l e  uniform e l o n g a t i o n  was measured ove r  a one-inch gage 
i n  an area on one s i d e  of  t h e  f r a c t u r e .  Care w a s  taken  t o  measure uniform e lon-  
g a t i o n  o n l y  o v e r  a p o r t i o n  of each  specimen's  i n i t i a l  gage s e c t i o n  t h a t  w a s  unaf- 
f e c t e d  by 1ocal izBd s t r a i n  (necking)  o r  by t r a n s i t i o n  r a d i u s  (F igu re  4 ) .  Elon- 
g a t i o n s  were measured w i t h  a 6-inch r u l e  having  0.010 i n c h  g r a d u a t i o n s ,  and a 
1 O X  magnifying g l a s s .  The l i n e s  of t h e  g r i d  p a t t e r n  se rved  as s t r a i n  measure- 
ment datum l i n e s .  
specimens of an  a l l o y  t e s t e d  t o  f a i l u r e  a t  a p a r t i c u l a r  tempera ture  w a s  e s t ab -  
l i s h e d  as an  a l l o y ' s  uniform s t r a i n  c a p a b i l i t y  (USC) a t  t h a t  tempera ture .  A 
USC w a s  e s t a b l i s h e d  f o r  each a l l o y  a t  each s t r a i n i n g  tempera ture .  

The p r o p e r t i e s  measured i n  t h e s e  tests were: 

When p r a c t i c a l ,  t e n s i l e  
T o t a l  e l o n g a t i o n  was measured a c r o s s  t h e  

The average  v a l u e  of t h e  uniform e l o n g a t i o n s  measured on 

Establishment of Strain Levels 

The s t r a i n  levels t h a t  w e r e  e s t a b l i s h e d  f o r  each  a l l o y  a t  each  s t r a i n i n g  
tempera ture  were based on t h e  USCs as fo l lows :  

Level  A - 40% of an  a l l o y ' s  USC a t  t h a t  t empera tu re  a t  which t h e  a l l o y  
had t h e  least USC, 

Level  B - 60% of an  a l l o y ' s  USC a t  t h e  s t r a i n i n g  tempera ture ,  

' 

Level  C - 80% of an  a l l o y ' s  USC a t  t h e  s t r a i n i n g  tempera ture .  

Thus f o r  any a l l o y ,  Level  A w a s  t h e  same v a l u e  a t  a l l  s t r a i n i n g  t empera tu res ,  
w h i l e  t h e  v a l u e s  of Levels  B and C v a r i e d  w i t h  tempera ture .  

9 



Figure 3. Specimens Used i n  Task I1 and Task I11 w i t h  the 0.100-inch 
(0.254-cm) Square Photogrid Pattern on the Surfaces. 



Figure 4. Measurement o f  Total and Uniform Elongations 

Preparation o f  Baseline and Cryosoaked Specimens 

During Task 11, the baseline specimens and the cryosoaked specimens were 
prepared for testing in Task IV. Eleven of fifteen alloys were procured in the 
annealed or solution annealed condition and were strained and cryosoaked in the 
same condition. The four exceptions were: (1) the,magnesium-lithium alloy, 
LA 141 A ,  which was procured and used in the -T7 (stabilized) condition; (2) 
aluminum alloy 2219 and (3)  aluminum alloy 6061, which were procured in the 
annealed condition, but were solution-treated and then refrigerated to retard 
natural aging (specimens of these alloys were drawn from the refrigerator and, 
when necessary, brought up to room temperature just before they were cryosoaked, 
strained, or tested for baseline properties); and (4) alloy Ti-6A2-4V E L I ,  
which was procured in the annealed condition and then solution-treated to condi- 
tion it for cryosoaking and straining. 
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Baseline Specimens 

For n o n - h e a t - t r e a t a b l e  a l l o y s ,  t h e  p r e p a r a t i o n  of b a s e l i n e  specimens merely 
involved  t h e  s e l e c t i o n  and i d e n t i f i c a t i o n  of f i v e  f r i c t i o n - l o a d e d  specimens f o r  
a l l o y .  These were t h e n  s t o r e d  and subsequent ly  t e s t e d  i n  Task I V .  For each  
h e a t  t r e a t a b l e  a l l o y ,  t e n  specimens w e r e  s e l e c t e d  and i d e n t i f i e d .  F i v e  of t h e  
t e n  specimens were t h e n  g i v e n  a n  i n d u s t r y  s t a n d a r d  ag ing  t r e a t m e n t ,  a f t e r  which 
t h e  t e n  specimens were s t o r e d  u n t i l  t e s t e d  i n  Task I V .  

During Tasks 11, 111, and I V Y  a l l  of t h e  a g i n g  t r e a t m e n t s  s e l e c t e d  f o r  t h e  
h e a t  t r e a t a b l e  a l l o y s  were i n d u s t r y  s t a n d a r d  t r e a t m e n t s .  S t r a i n  hardening  ac- 
celerates t h e  r e s p o n s e  of many of t h e  a l l o y s  t o  a g i n g  t r e a t m e n t s ;  consequent ly ,  
when n e c e s s a r y ,  t h e  ag ing  t r e a t m e n t  g i v e n  u n s t r a i n e d  specimens w a s  d i f f e r e n t  
from t h a t  g i v e n  s t r a i n e d  specimens.  A l s o ,  f o r  s e v e r a l  a l l o y s ,  two ag ing  t reat-  
ments w e r e  used f o r  s t r a i n e d  specimens: (1) a t r e a t m e n t  a p p r o p r i a t e  f o r  h i g h l y  
s t r a i n e d  materials,  and (2)  a t r e a t m e n t  more s u i t a b l e  f o r  lesser s t r a i n e d  ma- 
t e r i a l s .  When two aging  t r e a t m e n t s  were used ,  one w a s  s e l e c t e d  as t h e  pr imary 
t r e a t m e n t  and t h e  m a j o r i t y  of t h e  s t r a i n e d  specimens w e r e  g i v e n  t h a t  t r e a t m e n t .  

Cryosoaked Specimens 

Cryosoaked specimens were i n c l u d e d  i n  t h e  program t o  de te rmine  whether  o r  
n o t  t h e  room tempera ture  t e n s i l e  p r o p e r t i e s  of any of  t h e  a l l o y s  w e r e  a f f e c t e d  
by s h o r t  term exposure t o  any of t h e  c r y o g e n i c  s t r a i n i n g  tempera tures .  I t  w a s  
n e c e s s a r y  t o  develop t h e s e  d a t a  because  d u r i n g  t h e  c r y o s t r a i n i n g  o p e r a t i o n s  
t h e r e  would b e  a d e l a y  from t h e  t i m e  a specimen f i r s t  came i n  c o n t a c t  w i t h  a 
cryogen u n t i l  a c t u a l  s t r a i n i n g  of t h e  specimen could  begin .  For t h e  s t r a i n i n g  
a t  -110°F (194"K), and a t  -320°F (78°K) open end c r y o s t a t s  would b e  used.  For 
t h i s  equipment a f i v e  minute  d e l a y  p e r i o d  w a s  a n t i c i p a t e d  from immersion of a 
specimen and l o a d  l i n k a g e  u n t i l  s t r a i n i n g  could  be s t a r t e d .  I n  a c t u a l  p r a c t i c e ,  
t h e  f i v e  minute  d e l a y  proved t o  be adequate .  It  w a s  a l s o  a s u f f i c i e n t  p e r i o d  
f o r  t h e  specimen and b a t h  t o  r e a c h  thermal  e q u i l i b r i u m  ( l e s s  than  two m i n u t e s ) .  
For s t r a i n i n g  a t  -423°F (20°K), wi ' th LH2 as t h e  cryogen,  t h e  u s e  of a c l o s e d  
remotely c o n t r o l l e d  and o p e r a t e d  system w a s  n e c e s s a r y  t o  m e e t  r i g i d  s a f e t y  
s t a n d a r d s .  With t h i s  system a 30 minute  d e l a y  w a s  a n t i c i p a t e d  from t h e  t i m e  
a specimen f i r s t  c o n t a c t e d  t h e  LH2 u n t i l  s t r a i n i n g  could  b e  s t a r t e d .  

T h e r e f o r e ,  based on t h e  a n t i c i p a t e d  d e l a y  p e r i o d s ,  t h e  f o l l o w i n g  soak t i m e s  
were e s t a b l i s h e d  and used i n  p r e p a r i n g  cryosoaked specimens: 

1) A t  -100°F (194°K) and a t  -320°F ( 7 8 " K ) ,  a soak  p e r i o d  of 5 minutes  

2) A t  -423°F (20"K),  a s o a k  p e r i o d  of 30 minutes  w a s  used.  

w a s  used;  
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For non-hea t - t rea tab le  a l l o y s ,  cryosoaked specimens were prepared  by immers- 
i n g  f i v e  f r i c t i o n  loaded specimens of an a l l o y  i n  t h e  a p p r o p r i a t e  cryogen f o r  
t h e  n e c e s s a r y  p e r i o d  of t i m e .  The cryogens were: -110°F (194"K), a mixture  of 
i s o p r o p y l  a l c o h o l  and d r y  ice ;  -320°F (78"K) ,  l i q u i d  n i t r o g e n ;  -423°F (2C°K), 
l i q u i d  hydrogen. T h e r e f o r e ,  f o r  each non-heat t r e a t a b l e  a l l o y ,  f i f t e e n  cryo- 
soaked specimens were prepared:  f i v e  soaked a t  -110°F (194°K); f i v e  soaked a t  
-320°F (78°K); and f i v e  soaked a t  -423'F (20°K). For  each  h e a t - t r e a t a b l e  
a l l o y ,  t h i r t y  cryosoaked specimens w e r e  p repared ,  t e n  soaked a t  each of t h e  
t h r e e  tempera tures .  F i v e  of each set of t e n  soaked specimens were aged a f t e r  
soaking.  

S t r a i n i n g  
Temperature 

Room Temp 
-110°F (194°K) 
-320°F (78°K) 
-423°F (20°K) 

All cryosoaked specimens ( i n c l u d i n g  t h o s e  t h a t  w e r e  aged) w e r e  s t o r e d  u n t i l  
t e s t e d  d u r i n g  Task I V .  

Quantity o f  Specimens S t r a  
Strain Level A Strain Level B 

Heat Nonheat Heat Nonhea t 
Treatable Treatable Treatable Treatable 

A1 1 oy A1 loy A1 loy A1 1 oy 
10 5 10 5 
10 5 10 5 
10 5 10 5 
10 5 10 5 

TASK I11 - PREPARATION OF CRYOSTRAINED SPECIMENS 

Heat 
Treatabl e 

A1 loy 
10 
10 
10 
10 

Straining Schedule 

Nonheat 
Treatable 

A1 1 oy 
5 
5 
5 
5 

Specimens of e a c h . a l l o y  were prepared  and s t r a i n e d  accord ing  t o  t h e  b a s i c  
s t r a i n i n g  s c h e d u l e ,  shown i n  Table  1. These specimens w e r e  t e s t e d  i n  Task I V .  

Table 1 - Task I11 Straining Schedule 

Straining Procedures 

For  s t r a i n i n g  a t  room tempera ture ,  -110°F (194"K), and -320°F (78"K), f r i c -  
t ion- loaded  specimens (Figure 1) w e r e  used and s t r a i n e d  on one of two t e n s i l e  
machines:  a 5000 l b  (22 200N) c a p a c i t y  machine, o r  a 50 000 l b  (222 400N) capac- 
i t y  machine. A t  -423°F (20°K) a 50 000 l b  (222 400N) machine and pin-loaded 
specimens (Fig.  2)  w e r e  used. All materials were s t r a i n e d  a t  a ra te  of 0.050 
i n . / i n . / m i n  (0.050 cm/cm/min), except  6AR-4V ELI t i t a n i u m ,  which; was s t r a i n e d  
a t  a rate of 0.005 i n . / i n . / m i n  (0,005 cm/cm/min). 
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Room Temperature Straining 

When specimens were s t r a i n e d  a t  room tempera ture ,  s t r a i n  was measured d i -  
r e c t l y  by hold ing  a 4 i n .  long  scale  (0.010 i n .  d i v i s i o n s )  a g a i n s t  t h e  gr idded  
s u r f a c e  of a specimen as i t  w a s  be ing  s t r a i n e d .  S t r a i n  w a s  measured over  a 
gage of 2 in .  (5.08 cm) i n i t i a l  length. A f t e r  a specimen had been s t r a i n e d  
and removed from t h e  t e n s i l e  machine t h e  a c t u a l  amount of s t r a i n  w a s  measured 
and recorded .  S t r a i n  w a s  measured o v e r  a gage of 2 i n .  (5.08 cm) i n i t i a l  
l e n g t h ,  u s i n g  t h e  g r i d  marks, a 6 i n .  scale (0.010 i n .  d i v i s i o n s )  and a 1 O X  
magnifying g l a s s .  

Cryostrai n i  ng 

S t r a i n i n g  a t  -110°F (194°K) and a t  -320°F (78°K) w a s  done on t h e  same ten-  
s i l e  machines t h a t  were used t o  strain specimens a t  room tempera ture .  Open t o p  
c y o s t a t s  and l i n k a g e  systems (F igure  5) were a l s o  r e q u i r e d .  For -110°F (194°K) 
t h e  cryogen w a s  a m i x t u r e  of d r y  ice  and i s o p r o p y l  a l c o h o l ,  f o r  -320°F (78°K) 
LN2 w a s  used.  Whenever a s e t u p  w a s  made f o r  s t r a i n i n g  a t  e i t h e r  -110°F (194°K) 
o r  -320°F (78"K), t h e  procedure inc luded  cool ing  t h e  specimen g r i p s  t o  b a t h  t e m -  
p e r a t u r e  by immersing them i n  t h e  b a t h .  
had been loaded  i n t o  them, t h e  whole assembly w a s  connected t o  t h e  c r y o s t a t  and 
t e n s i l e  machine. The leve l  of t h e  cryogen i n  t h e  c r y o s t a t  w a s  c o n t r o l l e d  so  
t h a t  t h e  upper  g r i p  w a s  always completely immersed. A specimen was never 
s t r a i n e d  u n t i l  i t  had been i n  t h e  b a t h  f o r  a t  least  5 minutes .  The 5 minute  
d e l a y  from immersion t o  s t r a i n i n g  w a s  s u f f i c i e n t  as determined by experimenta- 
t i o n ,  t o  a s s u r e  t h a t  thermal  e q u i l i b r i u m  between specimen and b a t h  had been 
achieved.  
c o r r e l a t e d  t o  s t r a i n  through exper imenta t ion .  A f t e r  a specimen was s t r a i n e d  a t  
-110°F (194°K) o r  -320°F (78°K) i t  w a s  warmed t o  room temperature  and t h e  a c t u a l  
s t r a i n  was measured and recorded  t h e  same as i t  had been on  room tempera ture  
s t r a i n e d  specimens.  

When t h e  g r i p s  had cooled and a specimer 

A d i a l  i n d i c a t o r  w a s  used t o  measure p l a t e n  t ravel ,  which had been 

S t r a i n i n g  a t  -423°F (20°K) w a s  done i n  LH2. 
ments,  i t  w a s  necessary  t o  u s e  equipment a t  t h e  Liquid Hydrogen Laboratory.  
This  equipment inc luded  a remotely o p e r a t e d  50 000 l b  (222 400N) c a p a c i t y  
t e n s i l e  machine, a c l o s e d  c r y o s t a t ,  and a remotely opera ted  c l o s e d  sys tem f o r  
f i l l i n g ,  d r a i n i n g  and purging t h e  c r y o s t a t .  Each s t r a i n  c y c l e  c o n s i s t e d  o f :  
loading  specimens i n t o  t h e  l o a d  l i n k a g e  connected t o  t h e  empty and purged cryo- 
s t a t ;  c l o s i n g  t h e  system; f i l l i n g  t h e  c r y o s t a t  w i t h  LH2; s t r a i n i n g  (p la ten  
travel w a s  measured);  d r a i n i n g  and purg ing  t h e  c r y o s t a t ;  and removing t h e  spec i -  
mens. Because of t h e  complexi ty  of t h i s  c y c l e ,  pin-loaded specimens w e r e  used. 
T h e i r  u s e  p e r m i t t e d  more t h a n  one specimen t o  b e  s t r a i n e d  a t  a t i m e .  Usual ly  
f i v e  specimens were s t r a i n e d  s imul taneous ly ,  b u t  t h e  e x a c t  q u a n t i t y  w a s  depend- 
e n t  on t h e  s t r e n g t h  of t h e  material and t h e  50 000 l b  (222 400N) c a p a c i t y  of 
t h e  t e n s i l e  machine. A f t e r  being s t r a i n e d ,  specimens were warmed t o  room t e m -  
p e r a t u r e  and t h e  a c t u a l  s t r a i n  w a s  measured and recorded as i t  had been f o r  
room-temperature s t r a i n e d  specimens. 

To meet r i g i d  s a f e t y  r e q u i r e -  
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Aging 

As with the cryosoaked and baseline specimens, for the heat-treatable alloys, 
five of each set of ten room-temperature strained or cryostrained specimens were 
aged after straining. 
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TASK I V  - ROOM TEMPERATURE TENSILE TESTS 

During Task I V Y  the specimens prepared in Tasks I1 and I11 were subjected 
to standard room temperature tensile tests, conducted in accordance with the 
requirements of ASTM E8-69. As previously discussed, for heat treatable alloys 
one-half of each set of soaked or strained specimens were given an appropriate 
aging treatment before they were tested. The other half of each set were tested , 

in the as-strained or as-soaked condition, as were the specimens of the nonheat 
treatable alloys. 

The specimens were tested at room temperature on either a 5000 lb (22 200N) 
capacity, or a 50 000 l b  (222 400N) capacity tensile machine, depending.on the 
strength of the material. A load-strain curve was autographically recorded for 
each test. For this purpose, an extensometer with a 2-in. (5.08 cm) gage together 
with appropriate strain-magnifying and plotting devices were used. The proper- 
ties determined from each test were: ultimate tensile strength; tensile yield 
strength, 0.2% offset; and total elongation, percent in 2 in. ( 5 . 0 8  cm). 

TASK V - EVALUATION 

Analysis of the results of Tasks I through IV led to the following conclu- 
sions : 

1. Cryostraining was found to be a more effective strengthening treat- 
ment than room temperature straining for only two of the 15 alloys 
studied. The two alloys are: PH 14-8 Mo, a precipitation hard- 
ening semi-austenitic stainless steel, and MP 35 N, a cobalt-nickel 
multiphase alloy. Both of these alloys are strengthened by phase 
transformation. PH 14-8 Mo in Condition A (solution treated) has 
an austenitic structure. The austenite can be transformed to mar- 
tensite either by thermal treatment or by cold working. The struc- 
ture of annealed MP 35 N is face-centered cubic. When it is 
strained, platelets of a close-packed hexagonal phase form within 
the original structure. The test results indicated that compared 
with room temperature straining effects, straining at cryogenic 
temperatures enhanced the strain induced phase transformation of 
each alloy. 
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2. Seven o t h e r  alloys, 6061 aluminum, 5456 aluminum, Inconel  718, 
Nickel  440, Beryl l ium Copper, A-286, and 21-6-9 can b e  s t r a i n e d  
g r e a t e r  amounts when t h e  s t r a i n i n g  i s  done a t  c ryogenic  tempera- 
tures  r a t h e r  t h a n  a t  room temperature .  Because of a d d i t i o n a l  
s t r a i n  c a p a b i l i t y  a t  t h e  c ryogenic  tempera tures ,  t h e s e  a l l o y s  can 
b e  s t r a i n  hardened t o  h i g h e r  s t r e n g t h s  a t  t h o s e  tempera tures  t h a n  
a t  room tempera ture .  However, t h e  magnitude of t h e  s t r e n g t h  i n -  
crease t h a t  can b e  achieved  by s t r a i n i n g  t h e s e  a l l o y s  a t  c ryogenic  
tempera tures  i s  s o  small ( p r o p o r t i o n a l l y )  t h a t  c r y o - s t r a i n i n g  does 
n o t  m e r i t  s e r i o u s  c o n s i d e r a t i o n  as a p r a c t i c a l  method of s t r e n g t h e n -  
i n g  them. 

3 .  For t h e  o t h e r  f i v e  a l l o y s  c r y o s t r a i n i n g  is n o t  b e n e f i c i a l .  

The r e s u l t s  of the tests conducted on a l l  t h e  a l l o y s  are i n  t h e  I n t e r i m  Re- 
p o r t ,  Ref .  8. However, f o r  convenience,  d a t a  obta ined  from t e s t i n g  t h e  two re- 
s p o n s i v e  a l l o y s ,  PH 14-8 Mo and MP 35 N ,  are summarized h e r e .  

PH 14-8 MO 

PH 14-8 Mo i s  a s e m i - a u s t e n i t i c  p r e c i p i t a t i o n  hardening steel. I n  t h e  so lu-  
t i o n  t r e a t e d  (Condit ion A) c o n d i t i o n ,  t h e  s t r u c t u r e  of t h i s  s teel  i s  a u s t e n i t i c .  
Transformation of austenite t o  m a r t e n s i t e  can b e  accomplished i n  e i t h e r  of two 
ways, by thermal  t r e a t m e n t  o r  by c o l d  working. 

The thermal  t r a n s f o r m a t i o n  t r e a t m e n t  f o r  PH 14-8 Mo r e q u i r e s  t h e  material 
b e  h e a t e d  t o  and h e l d  a t  1700°F (1200'K) f o r  1 hour t o  c o n d i t i o n  i t  f o r  t r a n s -  
format ion .  Then i t  must b e  cooled t o  -100°F (200°K) and h e l d  a t  t h a t  tempera- 
t u r e  f o r  8 hours  t o  t r a n s f o r m  t h e  a u s t e n i t e  t o  m a r t e n s i t e .  An aging t r e a t m e n t ,  
a t  e i t h e r  950°F (782OK) o r  1050°F (840'K) fo l lows  t h e  t r a n s f o r m a t i o n  t r e a t m e n t .  
The c o n d i t i o n s  a f t e r  ag ing  are i d e n t i f i e d  as SRH 950 and SRH 1050, r e s p e c t i v e l y .  

The cold-work t r e a t m e n t  i s  normally a m i l l  t r e a t m e n t .  PH 14-8 Mo Condi t ion  
A material is transformed t o  m a r t e n s i t e  by heavy c o l d  r e d u c t i o n .  It i s  t h e n  
aged a t  900°F (755OK) f o r  1 hour .  The c o n d i t i o n  a f t e r  aging is  des igna ted  as 
CH 9 0 0 .  For t h i s  program a CH t y p e  t r e a t m e n t  w a s  used because t h e  material  
could b e  s t r a i n e d  i n  t h e  h i g h l y  workable  a u s t e n i t i c  c o n d i t i o n ,  Condi t ion A ,  
and t h e n  aged. 

The tes t  s t o c k  o b t a i n e d  f o r  u s e  i n  Tasks 11 through I V  w a s  a s h e e t  0.070 x 
36 x 120 i n c h e s  (0.178 x 91  x 305 cm), Condi t ion  A ,  procured t o  North American 
A v i a t i o n  Materials S p e c i f i c a t i o n  MB0160-015. The chemical composition of t h i s  
s h e e t  is  g iven  i n  t h e  fo l lowing  t a b l e :  

Percent by Weight Element Percent by Weight E l  ement 
C 
Mn 
P 
S 
Si 
Cr 

0.038 
0.10 
0.003 
0.004 
0.10 

14.95 

Ni 
Mo 
A t  
N 
Fe 

8.31 
2.15 
1.17 
0.005 
Balance 
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The d e n s i t y  of PH 14-8 Mo i s  0.283 l b / c u  i n ,  (7.325 gm/cc), Its t y p i c a l  
mechanical  p r o p e r t i e s  are shown i n  t h e  fo l lowing  t a b u l a t i o n :  

Condition (vacuum 
induction me1 t e d )  

A 
SRH 950 
CH 900 

U1 t imate  Tensi le  Yield 
Tens1 1 e Strength,  0 .2% 
Strength Offse t  

psi N/cm2 psi N/cm2 
125 000 86 000 55 000 38 000 
230 000 156 000 215 000 148 000 
280 000 193 000 270 000 186 000 

Elongation, 
% i n  2 i n .  
(5.08 cm) 

25.0 
6.0 
1.5 

The r e s u l t s  of t h e  tests conducted on PH 14-8 Mo d u r i n g  Tasks I1 through 
I V  are l i s t e d  i n  Tables  2 and 3 and summarized i n  F i g u r e s  6 through 11. 

The test r e s u l t s  i n d i c a t e  t h a t  s t r a i n i n g  a t  c ryogenic  tempera tures  enhances 
t h e  a u s t e n i t e  t o  m a r t e n s i t e  t r a n s f o r m a t i o n  i n  PH 14-8 Mo and p o s s i b l y  i n c r e a s e s  
t h e  ag ing  response .  
t e n s i l e  s t x e n g t h  of PH 14-8 Mo can b e  i n c r e a s e d .  However, a l though t h e  tough- 
n e s s  of t h i s  a l l o y  d e c r e a s e s  as i t s  s t r e n g t h  i n c r e a s e s ,  i t  i s  r e a s o n a b l e  t o  
a n t i c i p a t e  t h a t  c r y o s t r a i n i n g  procedures  can b e  developed f o r  t h e  a l l o y  t o  
a c h i e v e  a s a t i s f a c t o r y  compromise of strengt-h and toughness.  That i s ,  t h e  ma- 
t e r i a l ' s  s t r e n g t h  w i l l  b e  s a t i s f a c t o r i l y  i n c r e a s e d  b u t  i t s  toughness  w i l l  n o t  b e  
s o  s e r i o u s l y  degraded t h a t  i t  cannot  b e  used i n  s t r u c t u r a l  a p p l i c a t i o n s .  

C r y o s t r a i n i n g  is  a process  by which t h e  room tempera ture  

MP 35 N 

MP 35 i s  a c o b a l t - n i c k e l  mul t iphase  a l l o y  combining h i g h  s t r e n g t h  w i t h  
good d u c t i l i t y ,  toughness ,  and e x c e l l e n t  c o r r o s i o n  r e s i s t a n c e .  It is a s t r a i n -  
hardening a l l o y  t h a t  i s  a d d i t i o n a l l y  s t rengthened  by p o s t s t r a i n  ag ing .  It h a s  
a face-centered c u b i c  m a t r i x  of c o b a l t  and n i c k e l  i n  which t h e  a l l o y i n g  elements  
chromium and molybdenum are s o l u b l e  a t  e l e v a t e d  tempera tures .  The face-centered  
c u b i c  s t r u c t u r e  i s  r e t a i n e d  when t h e  material  c o o l s  t o  room tempera ture .  
s h e a r  t r a n s f o r m a t i o n  i s  induced,  however, when MP 35 N is worked a t  tempera tures  
below t h e  e q u i l i b r i u m  t r a n s f o r m a t i o n  tempera ture ,  approximately 850°F (728°K). 
S m a l l  p l a t e l e t s  of a hexagonal c l o s e  packed s t r u c t u r e  form l o c a l l y  w i t h i n  t h e  
f a c e  c e n t e r e d  c u b i c  matrix. Unl ike  t h e  m a r t e n s i t e  t r a n s f o r m a t i o n  t h a t  o c c u r s  
i n  many steels, t h i s  t r a n s f o r m a t i o n  does n o t  appear  t o  have a n  M tempera ture  

a t  which i t  occurs  spontaneously on cool ing .  The p e r c e n t a g e  of t h e  o r i g i n a l  
s t r u c t u r e  t h a t  i s  t ransformed t o  t h e  hexagonal c l o s e  packed phase  i s  s t r a i n  
dependent ,  and t h e  t ransformed product  i s  s t a b l e .  

A l o c a l  

S 
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The d e n s i t y  of MF' 35 N i s  0.304 l b / c u  i n .  ( 8 . 4 1  gm/cc). 
c h a n i c a l  p r o p e r t i e s  are shown i n  t h e  fo l lowing  t a b u l a t i o n :  

Condition 

Annealed 
Work- 
strengthened 
and aged 

Ultimate tens i le  Tensile yield strength,  
strength 0.2% offse t  

psi N/cm2 ps i N/cm2 
132 000 9 1  000 53 000 37 000 

. 

300 000 207 000 290 000 200 000 

Its t y p i c a l  me- 

Elongation % in 
2 in .  (5.08 cm) 

68.0 

9.0 

For t e s t i n g  i n  Tasks I1 through I V ,  a s h e e t  of annealed MP 35 N ,  0.060 x 
30 x 48 i n .  (0 .152 x 76 x 122 cm), of t h e  composi t ion g iven  i n  t h e  fo l lowing  
t a b u l a t i o n  w a s  procured t o  commercial requi rements :  

E l  ement Percent by Weight 
Ni 
co 
Cr 
Mo 
Other 

33.5 
38.9 
18.6 
7.2 
1.8 

Because of t h e  comparat ively s m a l l  s i z e  of t h e  MP 35 N s h e e t  a v a i l a b l e  f o r  
t h e  program, i t  w a s  necessary  t o  s t r a i n  less t h a n  t h e  u s u a l  amount of specimens 
a t  each tempera ture .  Normally, f o r  a h e a t - t r e a t a b l e  a l l o y ,  40 specimens were 
condi t ioned  a t  each tempera ture ,  f o r  MP 35 N th i s  number w a s  reduced t o  30. 

The r e s u l t s  of t h e  tests conducted on t h e  MP 35 N na te r ia l  are g i v e n  i n  
Tables  4 and 5 and summarized i n  F i g u r e s  1 2  through 1 7 .  A s  t h e  d a t a  show, 
c r y o s t r a i n i n g  i s  a more e f f e c t i v e  means of s t r e n g t h e n i n g  MP 35 N t h a n  i s  room- 
tempera ture  s t r a i n i n g .  However, h i g h  s t r a i n s ,  r e g a r d l e s s  of t h e  s t r a i n i n g  t e m -  
p e r a t u r e ,  s e v e r e l y  reduce  t h e  e l o n g a t i o n  of t h e  MP 35 N ,  and i t  i s  l i k e l y  t h a t  
i t s  toughness is  p r o p o r t i o n a l l y  degraded. 

SUMMARY 

In summary, t h e  r e s u l t s  of t h e  t e s t i n g  conducted i n  Task I V  i n d i c a t e d  t h a t  
on ly  PH 14-8 Mo and MP 35 N developed s u f f i c i e n t l y  h i g h e r  room-temperature ten-  
s i l e  s t r e n g t h s  through c r y o s t r a i n i n g  t h a n  through room-temperature s t r a i n i n g  
t o  m e r i t  c o n s i d e r a t i o n  as c a n d i d a t e  materials f o r  f u r t h e r  t e s t i n g  i n  Task V I .  
It was i n i t i a l l y  ylanned t o  test  b o t h  a l l o y s  d u r i n g  Task V I ;  however, MP 35 N 
w a s  r e l u c t a n t l y  dropped from t h e  program when i t  w a s  found t h a t  t h e  r e q u i r e d  
q u a n t i t y  of s h e e t  could n o t  b e  obta ined  i n  t i m e  t o  m e e t  program schedule  re- 
quirements .  
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Figure 6.-  Ultimate Tensile Strength o f  Prestrained PH 14-8 Mo Steel 
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Figure 7.-  Ultimate Tensile Strength o f  Prestrained PH 1 4 - 8  Mo Stee l ,  
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Figure 10 .- Total Elongation o f  Prestrained PH 14-8 Mo Steel 
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Figure 12 .- Ultimate Tensile Strength o f  Prestrained MP 35 N 
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Figure 14.- Tensile Yield Strength o f  Prestrained MP 35 N Cobalt- 
Nickel Alloy 
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THE SECOND YEAR'S PROGRAM 

Before Task I V  t e s t i n g  w a s  completed and t h e  r e s u l t s  ana lyzed ,  i t  had been 
planned t h a t  n i n e  a l l o y s  would b e  t e s t e d  i n  Task V I ,  t h r e e  from each of  t h r e e  
a l l o y  systems.  These a l l o y s  were t o  have been chosen p r i m a r i l y  on t h e  b a s i s  
of t h e  Task I V  tes t  r e s u l t s .  It w a s  i n t e n d e d  t h a t  on ly  a l l o y s  w i t h  a h i g h  pro- 
b a b i l i t y  o f  be ing  a p p r e c i a b l y  s t r e n g t h e n e d  by c r y o s t r a i n i n g  would be s t u d i e d  
i n  Task V I .  However, when t h e  Task I V  tes t  r e s u l t s  were ana lyzed  and i t  w a s  
found t h a t  on ly  two a l l o y s  were l e g i t i m a t e  c a n d i d a t e s  f o r  f u r t h e r  s t u d y ,  t h e  
program had t o  b e  modi f ied  accord ingly .  

The second y e a r ' s  program w a s  conducted a c c o r d i n g  t o  t h e  f o l l o w i n g  p l a n .  

1. The t e s t i n g  p o r t i o n  of t h e  program w a s  d i v i d e d  i n t o  t h r e e  t a s k s :  

Task V I  - S e l e c t i o n  of a Promising Al loy;  c 

Task V I 1  - Thermal Response T e s t s ;  

Task V I 1 1  - Toughness, Stress Corros ion ,  High Energy R a t e  S t r a i n -  
i n g  T e s t s ,  and Compression T e s t s .  

2 .  Two a d d i t i o n a l  t a s k s :  

Task I X  - A n a l y s i s ;  

Task X - Repor t ing ;  

completed t h e  program. 

Three a l l o y s  were t e s t e d  i n  Task V I ,  a l l  s e m i - a u s t e n i t i c  p r e c i p i -  
t a t i o n  hardening  c o r r o s i o n  resistant steels: PH 14-8 Mo; PH 15-7 
Mo; and 17-7  PH. 

3 .  

4 .  C r y o s t r a i n i n g  w a s  done a t  one tempera ture ,  -320'F (78 'K) .  

A r e p o r t  of t h e  work done and t h e  r e s u l t s  o b t a i n e d  d u r i n g  t h e  second y e a r  
of t h e  program i s  conta ined  i n  t h e  remaining c h a p t e r s  of t h i s  document. 

40 



111. MATERIALS 

The r e s u l t s  of  p r e v i o u s  t e s t i n g ,  Tasks I through I V  of t h e  program (Ref 8) , 
i d e n t i f i e d  only two a l l o y s ,  of t h e  f i f t e e n  s t u d i e d ,  as l e g i t i m a t e  candida tes  
f o r  a d d i t i o n a l  c r y o s t r a i n i n g  s t u d i e s .  I n i t i a l l y ,  i t  w a s  i n t e n d e d  t o  tes t  b o t h  
a l l o y s ,  PH 14-8 Mo and MP 35 11, i n  Task V I ,  a long  w i t h  PH 15-7 Mo and 17-7 PH. 
Unfor tuna te ly ,  an adequate  supply  of  M P  35 N s h e e t  could n o t  b e  obta ined  i n  
t i m e  t o  m e e t  t h e  program schedule  requi rements .  Consequently,  i n  Task V I ,  
t h r e e  a l l o y s  from t h e  same a l l o y  sys tem were t e s t e d :  PH 14-8 Mo, PH 15-7 Mo, 
and 17-7 PH. A l l  are s e m i - a u s t e n i t i c  p r e c i p i t a t i o n  hardening  c o r r o s i o n  resist- 
a n t  steels . 

The t h r e e  s e m i - a u s t e n i t i c  p r e c i p i t a t i o n  hardening  s teels  t e s t e d  are a l l o y s  
developed by Armco S t e e l  Corpora t ion ,  Middletown, Ohio. The f i r s t  of t h e s e  t o  
b e  developed w a s  17-7 PH. It i s  e s s e n t i a l l y  a modif ied 301 s t a i n l e s s  s t ee l  
(Ref 9) ,  the major changes b e i n g  t h e  a d d i t i o n  of aluminum and t h e  r e d u c t i o n  of 
t h e  p e r m i s s i b l e  carbon and manganese c o n t e n t s .  As a r e s u l t ,  17-7 PH, u n l i k e  
301, can b e  s t r e n g t h e n e d  by thermal  t r e a t m e n t .  Development of PH 15-7 Mo and 
PH 14-8 Mo fol lowed,  i n  o r d e r ,  t h e  development of 17-7 PH. 

I n  Condit ion A,  a mil l -annealed c o n d i t i o n  o f t e n  r e f e r r e d  t o  as t h e  s o l u t i o n -  
t r e a t e d  c o n d i t i o n ,  t h e  t h r e e  a l l o y s  have an a u s t e n i t i c  s t r u c t u r e ,  are d u c t i l e  , 
and can b e  formed by methods used t o  form t h e  a u s t e n i t i c  s t a i n l e s s  steels. In  
t h i s  c o n d i t i o n ,  because of  t h e i r  a u s t e n i t i c  s t r u c t u r e ,  t h e  a l l o y s  r e t a i n  good 
d u c t i l i t y  a t  -320°F (78°K). 

These steels are hardened by the a u s t e n i t e - t o - m a r t e n s i t e  t r a n s f o r m a t i o n ,  
and by a p r e c i p i t a t i o n  hardening  t r e a t m e n t  (aging)  fo l lowing  t ransformat ion .  
The a g i n g  t r e a t m e n t  a l s o  serves t o  temper t h e  m a r t e n s i t e .  

Transformation of t h e  a u s t e n i t e  t o  m a r t e n s i t e  i n  t h e s e  steels i s  conven- 
t i o n a l l y  accomplished e i t h e r  by thermal  t r e a t m e n t  o r  by co ld  work ( c o l d  r o l l -  
i n g  a t  t h e  mill) (Ref 10). A c o l d  work method of  t r a n s f o r m a t i o n ,  s u b s t i t u t i n g  
u n i a x i a l  t e n s i l e  s t r a i n i n g  f o r  c o l d  r o l l i n g ,  w a s  i d e a l l y  s u i t e d  t o  t h e  program. 
Using t h i s  procedure ,  t h e  materials were s t r a i n e d  i n  t h e  d u c t i l e  c o n d i t i o n  
(Condit ion A) t o  induce  t h e  t r a n s f o r m a t i o n  and were then aged f o r  a d d i t i o n a l  
s t r e n g t h e n i n g .  

The materials procured  f o r  t e s t i n g  i n  Task V I  are d e s c r i b e d  below: 

1. PH 14-8 Mo Vacuum I n d u c t i o n  Melted 

Materials S p e c i f i c a t i o n :  North American S p e c i f i c a t i o n ,  MB 160-015 E 

Shee t  S i z e :  .050 x 36 x 120 in .  (0.127 x 9 1  x 305 cm) 

Surface  F i n i s h :  2D 

Temper: Condi t ion A 
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Chemical Composition: 

El emen t % by weight Element % by weight 

Grain 
direction 

L 
T 
L 
T 
L 
T 

C 
MI1 
P 
S 
Si 

Mechanical properties* 
Tensi 1 e yi el  d E l  ongati,on 

percent in strength (0.2% of f se t )  inches 
psi N / cm2 psi N/cm2 (5.08 cm) 

U1 timate tens i le  strength 

129 800 89 500 58 300 40 200 30.0 
125 600 86 600 56 600 39 000 31.5 
227 500 156 900 203 900 140 600 9.0 
229 000 157 900 204 500 141 000 7.0 
215 500 148 600 201 500 138 900 8.0 
215 800 148 800 200 200 138 000 5.5 

.039 

.04 

.003 

.004 

.04 

Cr 15.18 
Ni 8.20 
AR 1.27 
Mo 2.22 
c u  .05 
Fe Remainder 

Condi t i  on 

A 
A 

SRH 950 
SRH 950 
SRH 1050 
SRH 1050 

Hardness 
Rockwell 

B 89.0 
B 89.0 
C 49.0 
C 49.0 
c 44.5 
c 44.5 

* Reported and cer t i f ied  by the supplier.  

2. PII 15-7 MO 

M a t e r i a l s  S p e c i f i c a t i o n :  Aerospace M a t e r i a l s  S p e c i f i c a t i o n ,  AMs 55208 

Shee t  S i z e :  .050 x 36 x 120 i n .  (0 .127  x 9 1  x 305 cm) 

Sur face  F i n i s h :  2 D  

Temper: Condition A 

Chemi cal Compos i t i  on : 

E l  ement % by weight Element % by weight 
C .08 Cr 15.17 
Mn .60 Ni 7.26 
P .021 AR 1.23 
S . 019 Mo 2.27 
Si . 034 cu .10 
co .08 Fe Remainder 
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Mechanical proPerti es* 

Condition 

A 
A 

TH 1050 
TH 1050 
RH 950 
RH 950 

I + 
Grain U1 timate tensi le  

strength 
psi N/cm2 

di recti on 

L 123 800 85 400 
T 122 200 84 300 
L 210 000 144 800 
T 217 800 150 200 
L 230 000 158 600 
T 236 400 163 000 

psi N/cm2 (5.08 cm) 
59 200 40 800 41.5 
60 300 4 1  600 37.5 

201 500 138 900 10.0 
204 800 141 200 7.0 
218 200 150 400 9.5 

~ 220 100 151 800 7 .O 

B 87.0 
B 87.0 ' C 43.0 ' C 43.0 

C 48.0 
i C 48.0 

Hardness 
Rockwell 

B 91.0 
B 91.0 
C 45.0 
C 45.0 
C 48.0 
C 48.0 

~~ ~ 

* Reported and cer t i f ied  by the supplier.  

3 .  17-7 PH 

Mate r i  a1 S pe  c i  f i cat i o n  : MI L-S -25 0 4 3 C 

S h e e t  S i z e :  .050 x 36 x 120 i n .  (0 .127  x 9 1  x 305 cm) 

Sur face  Finish: 2D 

Temper: Condi t ion A 

Chemical Composition: 

E l  emen t % by weight El emen t % by weight 
C 
Mn 
P 
S 
Si 
CO 

.07 

.49 

.017 

.018 

.38 

.07 

Cr 17.06 
Ni 7.44 
A& 1.05 
Mo .31 
c u  .28 
Fe Remai nder 

Condition 

A 
A 

TH 1050 
TH 1050 
RH 950 
RH 950 

1 
Grain U 1  timate tens i le  

direction I strength , 
wcm2 

118 200 
114 100 
193 500 
139 100 
221 000 
215 500 

81 500 
78 700 

133 400 
130 400 
152 400 
148 600 

wcnani cal properties* 
Tensile yield 

48 300 
45 000 

169 000 
168 500 
203 500 
193 800 

33 300 
31 000 

116 500 
116 200 
140 300 
133 600 

49.0 
50.0 
10.0 
9.0 

10.0 
8.0 

* Reported and ce r t i f i ed  by the supplier.  
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* 

I n  a d d i t i o n  t o  t h e  s h e e t  s t o c k ,  weld w i r e  was a l s o  procured  f o r  use i n  pre-  
p a r i n g  t h e  welded specimens t e s t e d  i n  Task V I ;  c h a r a c t e r i s t i c s  of t h e  weld wire 
a r e  : 

PH 14-8 Mo w i r e ,  0.045 i n .  (0.114 cm) d iameter ;  North American 
S p e c i f i c a t i o n  LBO 160 1 1 7  C 

Chemical Composition: 
Element % by weight Element % by weight  

C .038 Cr 14.43 
M n .43  Ni 8 .17 
Si .38 Mo 2.17 
S .003 Ai 1.23 
P .005 Fe Remainder 

W PH 15-7 Mo w i r e ,  0.045 i n .  (0.114 cm) d i a m e t e r ,  AMs 58138 

Chemical Composition : 

E l  ement % by weight  Element % by weight  
C .067 Cr 14.74 
Mn .41 Ni 7.50 
Si .34 Mo 2.23 
S .025 A!2 .95 
P ,007 Fe Remainder 

W 17-7 PH w i r e ,  0.045 i n .  (0.114 cm) d i a m e t e r ,  SMX 7-59 B,  Class 1 

Chemical Composition : 

Element % by weight  Element % by weight  
C ,067 Cr 16.54 
Mn .44 Ni 7.40 
Si .20 Aa .91 
S .012 Fe Remainder 
P .010 
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I V  . PROCEDURES AND EQUIPMENT 

TASK V I  - SELECTION OF A PROMISING ALLOY 

Task V I  w a s  conducted t o  develop d a t a  by which t o  compare t h e  t h r e e  
a l l o y s  t e s t e d  w i t h  r e s p e c t  t o  changes i n  room tempera ture  t e n s i l e  p r o p e r t i e s  
induced by s t r a i n i n g  a t  -320'F (78 'K) .  
de te rmine  through a comparat ive e v a l u a t i o n  of t e s t  r e s u l t s ,  t h e  a l l o y  of  t h e  
t h r e e  t e s t e d  t h a t  should  b e  t e s t e d  i n  Tasks V I 1  and V I I I .  

The o b j e c t i v e  of t h i s  Task w a s  t o  

Task V I  w a s  d i v i d e d  i n t o  f o u r  sub-tasks:  

1. P a r e n t  Metal Tests; 

2. Weldment Tests; 

3 .  Higher S t ra in-Rate  Tests; 

4 .  R o l l - S t r a i n i n g  Tests. 

The test p l a n  and t h e  procedures  and equipment used i n  conduct ing t h e  
Task V I  tests are d e s c r i b e d  i n  t h e  fo l lowing  paragraphs by s u b t a s k .  

P a r e n t  M e t a l  T e s t s  

Purpose: The purpose of t h i s  series of tests was t o  de te rmine  how uniform 
s t r a i n i n g  i n  u n i a x i a l  t e n s i o n  a t  -320'F (78'K) a f f e c t e d  t h e  room tempera ture  
t e n s i l e  p r o p e r t i e s  (both  l o n g i t u d i n a l  and l o n g  t r a n s v e r s e )  of each a l l o y .  

Approach: To develop  t h e  n e c e s s a r y  d a t a  t h e  fo l lowing  p l a n  w a s  fol lowed:  

1. 

2 .  

3 .  

4 .  

Three l o n g i t u d i n a l  and t h r e e  long t r a n s v e r s e  specimens of each  
a l l o y ,  i n  Condi t ion  A ,  were t e n s i l e  t e s t e d  t o  f a i l u r e  a t  room 
temperature .  L ike  q u a n t i t i e s  of specimens of each a l l o y  were 
s i m i l a r l y  t e s t e d  a t  -320'F (78'K). The p r o p e r t i e s  measured were 
u l t i m a t e  t e n s i l e  s t r e n g t h ,  t o t a l  e l o n g a t i o n ,  and uniform elonga- 
t i o n .  

The average  uniform e l o n g a t i o n  w a s  c a l c u l a t e d  f o r  each  combinat ion 
of a l l o y ,  g r a i n  d i r e c t i o n ,  and temperature .  These averages  were 
e s t a b l i s h e d  as uniform s t r a i n  c a p a b i l i t y  (USC) v a l u e s .  

Four t a r g e t  s t r a i n  v a l u e s  ( s t r a i n  l e v e l s )  w e r e  a r b i t r a r i l y  s e l e c t e d  
f o r  each combination of a l l o y  and g r a i n  d i r e c t i o n .  Four levels  
were s e l e c t e d  t o  f a c i l i t a t e  g r a p h i c a l  p r e s e n t a t i o n  of t h e  tes t  
r e s u l t s .  The s t r a i n  levels used are d e f i n e d  i n  Table  6. 

Specimens of each a l l o y  were prepared  and t e s t e d  i n  t h e  c o n d i t i o n s  
i d e n t i f i e d  i n  Table  7.  
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Table 6.  S t r a i n  Level Def in i t i ons ,  Task VI Parent Metal Tests 

S t r a i n  Level 

A ( L )  

Def i n i  t i  on 

40% o f  an a l l o y ' s  USC(l)in the longi tudinal( ' )grain d i r ec -  
t i o n  a t  -320°F (78°K). 
60% of an a l l o y ' s  USC i n  the  longi tudina l ( ' )g ra in  d i r e c t i o n  
a t  -320°F (78°K). 
75% of an a l l o y ' s  USC i n  the longi tudinal( ' )grain d i r e c t i o n  
a t  -320°F (78°K). 
90% of an a l l o y ' s  USC i n  the 1ongi tudinal")grain d i r e c t i o n  
a t  -320°F (78°K). 
40% o f  an a l l o y ' s  USC i n  the long t ransverse( ' )grain d i r ec -  
t i o n  a t  -320°F (78°K). 

60% of an a l l o y ' s  USC i n  the long t ransverse( ' )grain d i r ec -  
t i on  a t  -320°F (78°K). 

75% of an a l l o y ' s  USC i n  the long t ransverse( ' )grain direc- 
t i o n  a t  -320°F (78°K). 

90% of an a l l o y ' s  USC i n  the long t ransverse( ' )grain direc- 
t i o n  a t  -320°F (78."K). 

NOTE: 1. USC = uniform s t r a i n  capab i l i t y .  
2 .  Relat ive t o  f i n a l  mil l  r o l l i n q .  

Equipment: A Balwin U n i v e r s a l  T e s t  Machine, 50 000 l b  (222 400N) c a p a c i t y ,  
Model FGT, and s tandard  a c c e s s o r i e s  were used f o r  specimen s t r a i n i n g  and 
t e s t i n g  a t  room tempera ture .  The same machine,  a n  open-end c r y o s t a t ,  and 
s p e c i a l  l o a d  l i n k a g e  systems (F igure  5 ) ,  w e r e  used f o r  s t r a i n i n g  and t e s t i n g  
a t  -320°F ( 7 8 ° K ) .  
Cryogen: 
w a s  l i q u i d  n i t r o g e n  (LN2) .  

Specimens: Specimens of t h e  t y p e  shown i n  F igure  18 w e r e  used i n  the  t e n s i l e  
t e s t i n g  of u n s t r a i n e d  material a t  room temperature  and -320°F ( 7 8 ° K ) .  

and -320°F ( 7 8 ° K ) .  A f t e r  being s t r a i n e d  t h e  specimens were remachined t o  t h e  
c o n f i g u r a t i o n  shown i n  F i g u r e  20 f o r  room tempera ture  t e n s i l e  t e s t i n g .  

a 0.100 i n c h  s q u a r e  g r i d  p a t t e r n ,  of t h e  t y p e  shown i n  F i g u r e  3 ,  a p p l i e d  
( p h o t o g r a p h i c a l l y )  t o  one s u r f a c e .  The g r i d  l i n e s  were used as datum l i n e s  
f o r  s t r a i n  measurement. 

The cryogen used f o r  specimen s t r a i n i n g  and t e s t i n g  a t  -320°F ( 7 8 ° K )  

Specimens of t h e  t y p e  shown i n  F2gure 1 9  were s t r a i n e d  a t  room tempera ture  

One s u r f a c e  of each  specimen of t h e  t y p e s  shown i n  F i g u r e s  18 and 1 9  had 
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Table 7 - Test Schedule, Task VI Parent Metal Tests 

-ype o f  Test 

!oom temp 
;ens 

ioorn 

le 

t emD 
tensile 

Material Condition 

Strained a t  room 
temp : 
0% + aged 
Level A ( L )  
Level A ( L )  + aged 
Level A ( T )  
Level A ( T )  + aged 
Level B ( L )  
Level B ( L )  + aged 
Level B(T)  
Level B ( T )  + aged 
Level C ( L )  
Level C ( L )  + aged 
Level C ( T )  
Level C ( T )  + aged 
Level D ( L )  
Level D ( L )  + aged 
Level D ( T )  
Level D(T)  + aged 

Strained a t  -320OF (780K): 
0% 
0% + aged 
Level A ( L )  
Level A ( L )  + aged 
Level A ( T )  
Level A ( T )  + aged 
Level B ( L )  
Level B ( L )  + aged 
Level B(T)  
Level B(T)  + aged 
Level C ( L )  
Level C ( L )  + aged 
Level C ( T )  
Level C ( T )  + aged 
Level D ( L )  
Level D ( L )  + aged 
Level D ( T )  
Level D ( T )  + aged 

No. o f  Specimens 
per Alloy . 

Longi tud-  
i nal 

Trans- 
verse 

Specimen Design 
Fig. 19 
+ Fig. 20 

X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 

- 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
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d + t + - 5.50 
ALL dimensions in inches 

ALL dimensionsk centimeters 

Figure 18 Tensile Specimen for Testing Unstrained Material. 
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All dimensions 
in inches 

t 
i 
2.00 

+ 
I 

All dimensions 
in centimeters 

16.50 

Figure 19 Configuration o f  Specimens Strained a t  Room Temperature and 
-320OF (78OK) 

-41- 

inches (1.270) 

(centimeters) 

Figure 20 Configuration of Strained Specimens Remachined fo r  Tensile Test 
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Tensile T e s t i n g :  
and s p e c i f i c a t i o n s  of ASTM E8-69. 

Tensile tests were conducted i n  accordance w i t h  t h e  procedures  

S t r a i n i n g :  
(0.050 cm p e r  cni p e r  m i n u t e ) ,  r e g a r d l e s s  of t h e  tempera ture  a t  which t h e  s t r a i n -  
i n g  w a s  done. 

Specimens were s t r a i n e d  a t  a rate of 0.050 i n c h  p e r  i n c h  p e r  minute 

When specimens were s t r a i n e d  t o  a g iven  s t r a i n  level  a t  room tempera ture ,  
s t r a i n  w a s  measured d i r e c t l y  by means of t h e  g r i d  marks,  a 10  power magnifying 
g l a s s ,  and a 6-inch scale w i t h  0.010 i n c h  g r a d u a t i o n s .  When t h e  proper amount 
of s t r a i n  w a s  reached ,  t h e  load  w a s  r e l e a s e d .  

S i n c e  t h e  specimens s t r a i n e d  a t  -320OF (78OK) w e r e  immersed i n  LN2 when 
s t r a i n e d ,  d i r e c t  measurement of s t r a i n  w a s  i m p r a c t i c a l .  However, i t  w a s  p o s s i b l e  
by exper imenta t ion  (Ref. 8) t o  re la te  p l a t e n  t ravel  t o  specimen s t r a i n . ,  Thus, 
f o r  t h e  specimens s t r a i n e d  a t  -320OF (78’K), s t r a i n  w a s  measured i n d i r e c t l y  b y  
measuring p l a t e n  t rave l  w i t h  a d i a l  i n d i c a t o r .  

Aging: The i n d u s t r y  s t a n d a r d  ag ing  t r e a t m e n t  f o r  developing t h e  CH-900 condi- 
t i o n  i n  a l l  t h r e e  a l l o y s  Is one hour a t  900’P (756°K. 
w a s  g iven  a l l  specimens t h a t  were aged i n  Task V I .  C e r t i f i e d  and c a l i b r a t e d  
f u r n a c e s  w e r e  used. All specimens wexe thoroughly cleaned and coa ted  w i t h  
Turco-Pre t rea t  b e f o r e  t h e y  w e r e  aged. 

T h i s  aging t r e a t m e n t  

WELDMENT TESTS 

Purpose: This  series of tests w a s  conducted t o  determine how each a l l o y  w a s  a f -  
f e c t e d  by welding b e f o r e  c r y o s t r a i n i n g .  

Approach: Butt-welded test p a n e l s  o f  t h e  c o n f i g u r a t i o n  shown i n  F i g u r e  2 1  w e r e  
p repared ,  one tes t  p a n e l  p e r  a l l o y .  Specimens f o r  t e s t i n g  and s t r a i n i n g  were 
made from each panel .  Table  8 i s  t h e  test s c h e d u l e  f o r  t h e  weldment tests,  
showing t h e  number of specimens t e s t e d  p e r  a l l o y ,  and how each w a s  condi t ioned  
f o r  t e s t i n g .  
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Table 8. ,Test  Schedule, Task VI Weldment Tests 

* S t r a i n  r a t e ,  0.050 inch Der inch per  minute 
** Level E - 607; o f  USC a t  -320'F (78'K) I * * *  One lioar a t  900'F (756'K) 

Type o f  Test  
No. o f  Specimens 

(Per  A I  loy)  
Lonaitudinal Grain Yater ia l  Condition 

I 12 I Total I 

Room temperature 
tens i  1 e 
-320'F (78'K) t e n s i l e  
Room temperature 
t e n s i l e  
Room temperature 
t e n s i l e  

Direct ion 
As received + welded 3 

As received + welded 3 
As received + welded + s t r a i n e d *  
a t  room temp t o  Level E** + aged*** 3 
As received + welded + s t r a i n e d *  
a t  -320'F (78'K) t o  Level E** + 
aaed*** 3 

For welded specimens t h e  USC f o r  each  a l l o y  w a s  e s t a b l i s h e d  as t h e  ave rage  
of t h e  uniform s t r a i n s  measured on t h e  welded specimens of t h e  a l l o y  t h a t  had 
been t e s t e d  t o  f a i l u r e  at -320°F (78°K). 

General :  
w e r e  t h e  same as t h o s e  used i n  conduct ing  t h e  p a r e n t  metal tests, excep t  as 
s p e c i f i c a l l y  noted  i n  t h e  fo l lowing  paragraphs .  

The equipment and p rocedures  used i n  conduct ing  t h e  weldment tests 

Welding: The test p a n e l s  were welded by t h e  tungs t en - ine r t -gas  method. The 
b a s i c  equipment used w a s :  an a i r l i n e  f i x t u r e ,  Model No. 11312 HLZ w i t h  s t a i n -  
less steel  ho ld  down f i n g e r s  and backup; Sciaky C o n t r o l l e r ,  Model No. F18 DTX- 
WlOOO-S6; and an  Airco  power s u p p l y ,  Model No. 3AD-24HEPAB-B. The weld schedu les  
used t o  weld t h e  t e s t  p a n e l s  were: 

PH 14-8 Mo: 
Material: 

Condi t ion :  

Weld Wire : 

G a s  : 

Gas Flow: 

V o l t s  : 

Amperes : 

Wire Feed: 

PH 14-8 Mo, 0.050 i n .  (0.127 c m )  t h i c k  

Cond i t ion  A 

WH 14-8 Mo, 0.045 i n .  (0.114 cm) d iameter  

Argon 

Torch,  30 c f / h r  (0.85 m3/hr )  
Backup, 1 3  c f / h r  (0.38 m3/hr)  
T r a i l i n g  s h i e l d  35 c f / h r  (1.05 m3/hr>  

8 

72 

17 i n .  /min (43.18 cm/min) 

T r a v e l  Speed: 8 in . /min  (20.32 cm/min) 

E lec t rode :  0.093 inch  (0.236 cm) d i ame te r ,  t u n g s t e n .  
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PH 15-7 MO: 

Material: PH 15-7 Mo s h e e t ,  0.050 i n .  (0.114 cm) t h i c k  

Condit ion:  

Weld Wire : 

Gas : 

Gas Flow: 

9 Vol t s  : 

Amperes : 

Wire Feed: 

T rave l  Speed: 

Elec t rode :  

17-7 PH: 
Material: 

Condit ion:  

Weld Wire : 

Gas : 

Gas Flow: 

Vol t s  : 

Amperes : 

Wire Feed: 

Condi t ion  A 

WPH 15-7 MO 

Argon 

Torch, 30 c f / h r  (0.85 m3/hr)  
Backup, 1 3  c f / h r  (0.38 m3/hr)  
T r a i l i n g  s h i e l d ,  35 c f / h r  (1.05 m3/hr )  

8 . 3  

7 1  

1 7  in . /min  (43.18 cm/min) 

7 . 8  in . /min (19.8 cm/min) 

0.093 i n c h  (0.236 cm) d i ame te r ,  t ungs t en  

17-7 PH s h e e t ,  0.050 i n .  (0.127 cm) t h i c k  

Condi t ion  A 

W17-7 PH 

Argon 

Torch,  30 cf  / h r  (0. 85m3 / h r )  
Backup, 13 c f / h r  (0.38 m3/hr)  
T r a i l i n g  s h i e l d ,  35 cf / h r  (1.05 m3/hr)  

8 . 3  

70 
19.5 in . /min  (49.3 cm/min) 

Trave l  Speed: 7 .8  in . /min  (19.8 cm/min) 

E lec t rode :  0.093 i n c h  (0.236 cm) d i ame te r ,  t ungs t en  

Inspec t ion :  A f t e r  weld ing ,  a l l  p a n e l s  were g iven  v i s u a l ,  p e n e t r a n t ,  and X-ray 
i n s p e c t i o n s .  

Specimens: : 
t e s t i n g  of u n s t r a i n e d  weldments a t  room tempera ture  and -320°F (78OK). 

Specimens of t h e  t y p e  shown i n  F i g u r e  22 were used i n  t h e  t e n s i l e  

Specimens of t h e  type  shown i n  F igu re  23 were s t r a i n e d  a t  room tempera ture  
and a t  -320°F (78OK). A f t e r  be ing  s t r a i n e d ,  t h e y  were remachined t o  t h e  con- 
f i g u r a t i o n  shown i n  F igu re  24  f o r  t e n s i l e  t e s t i n g  a t  room tempera ture .  

The weld specimens were n o t  gr idded  because t h e  weld bead,  which was n o t  
removed, hampered t h e  process ing  and degraded t h e  accuracy  of t h e  p a t t e r n .  
I n s t e a d ,  one s u r f a c e  of t h e  gage s e c t i o n  of a specimen w a s  pa in t ed  wi th  l ay -  
o u t  f l u i d  and s t r a i n  datum l i n e s ,  0.250 i n c h  (0.635 cm) a p a r t  and t r a n s v e r s e  
t o  t h e  a x i s  of t h e  specimen, were s c r i b e d  on t h e  pa in t ed  s u r f a c e .  
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All dimensions in inches 

All dimensions in centimeters 

Figure 22 Tensile Specimen for Testing Unstrained Weldments 
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Figure 23 Configuration o f  We1 dment Specimens Strained at Room Temperature 
and at -320OF (780K) 

Dia thru 2 places 0*75 R, 4 places 
I -+I I 

inches 
(centimeters) 

Figure 24 Configuration of Strained Weldment Specimens Remachined for 
Tensile Test 
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S t r a i n i n g :  The techniques  used f o r  specimen s t r a i n i n g  and s t r a i n  measurement i n  
t h e  p a r e n t  metal  t es t  series were used i n  t h e  weld t es t  series. 

H I G H E R  S T R A I N  RATE TESTS 

Purpose: U n t i l  t h i s  series of tests w a s  conducted,  a l l  of t h e  specimens t h a t  
had been s t r a i n e d ,  except  t h e  T i  6AE-4V specimens s t r a i n e d  i n  Task 111, had been 
s t r a i n e d  a t  a program s t a n d a r d  rate of 0.050 i n c h  p e r  i n c h  p e r  minute  (0.050 cm/ 
cm/min). Therefore ,  t h i s  series of tests was conducted t o  de te rmine  whether  o r  
n o t  c r y o s t r a i n i n g  a t  a f a s t e r  rate would cause  any o r  a l l  of t h e  t h r e e  a l l o y s  
t o  develop s i g n i f i c a n t l y  d i f f e r e n t  room tempera ture  t e n s i l e  p r o p e r t i e s  t h a n  t h o s e  
developed by c r y o s t r a i n i n g  a t  t h e  program s t a n d a r d  ra te .  

Approach: The same p r o c e d u r e s , . t e c h n i q u e s ,  and t y p e s  of specimens used i n  con- 
d u c t i n g  t h e  p a r e n t  metal test series were used i n  conduct ing t h e  h i g h e r  s t r a i n  
ra te  tes ts ,  e x c e p t  t h a t  specimens w e r e  s t r a i n e d  a t  a f a s t e r  rate. 

The test s c h e d u l e  f o r  t h e  h i g h e r  s t r a i n  ra te  tests is shown i n  Table  9. 

Table 9 Tes t  Schedule, Task V I  H igher  S t r a i n  Rate Tes ts  

Type o f  Tes t  

Room temp t e n s i l e  
1.5 i n . / i n . /m in  (1.5 cm/ 
cm/min) s t r a i n  r a t e  
-32Q°F (78'K) t e n s i l e  
1.5 i n . / i n . /m in  (1.5 cm/ 
cm/min) s t r a i n  r a t e  
Zoom temp t e n s i l e  
0.005 i n .  / in .  /min (0.005 
cm/cm/min) s t r a i n  r a t e  

Room temp t e n s i l e  
0.005 i n .  /i n. /mi n (0.005 
cm/cm/mi n )  . s t r a i n  r a t e  

M a t e r i  a1 C o n d i t i o n  

As r e c e i v e d  

As r e c e i v e d  

S t r a i n e d  a t  room temp 
1.5 i n . / i n . / m i n . ( l . 5  cm/ 
cm/min) t o :  

Level  X*  
Level  X*+ aged 
Level  Y** 
Level  Y**+ aged 

S t r a i n e d  a t  -320°F (78°K) 
1.5 i n . / i n . / m i n  (1.5 cm/ 
cm/min) t o :  

Level  X* 
Level  X*+aged 
Level  Y** 
Level  Y**+ aged 

No. of Specimens 
(Per A1 1 oy ) 

L o n g i t u d i n a l  G r a i n  
D i r e c t i o n  

3 
3 
3 
3 

30 
- 

*Level X, 50% o f  t h e  a l l o y ' s  u n i f o r m  s t r a i n  c a p a b i l i t y  a t  -320°F (78°K) 

** Level  Y ,  75% o f  t h e  a l l o y ' s  u n i f o r m  s t r a i n  c a p a b i l i t y  a t  -320°F (78°K) 
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S t r a i n i n g :  
a t  a ra te  of 1.5 i n . / i n . / m i n  (1.5 cm/cm/min). 

A l l  specimens s t r a i n e d  f o r  t h e  h i g h e r  s t r a i n  ra te  tests were s t r a i n e d  

Type o f  Test 

ROLL STRAINING TESTS 

Material Condition 

Purpose: The purpose of t h e s e  tests w a s  t o  de te rmine  how t h e  room tempera ture  
t e n s i l e  p r o p e r t i e s  of  t h e  t h r e e  a l l o y s  w e r e  a f f e c t e d  by r o l l - s t r a i n i n g  a t  -320°F 
(78OK). 

Approach: To develop t h e  r e q u i r e d  d a t a ,  samples of  each a l l o y  were r o l l e d  a t  
room tempera ture  and o t h e r s  a t  -32OoF (78OK). 
a r e d u c t i o n  i n  t h i c k n e s s  of 1 0  t o  20 p e r c e n t  w a s  achieved.  T e n s i l e  b a r s  w e r e  
made from t h e  r o l l - s t r a i n e d  materials and t e n s i l e  t e s t e d  a t  room tempera ture .  
The r o l l  s t r a i n  test  schedule  i s  shown i n  Table  10. 

The materials were r o l l e d  u n t i l  

Table 10 Test Schedule, Task VI Roll Strain Tests 

Room temp tens i le  As received i- rol l  strained* 
a t  room temp, 
+ aged 
As received i- ro l l  strained* 
a t  -320°F ( 7 8 O K )  
i- aged 

I Total 

No. o f  Specimen 
(Per A1 1 oy ) 

Longitudinal Grain 
Di rec t i  on 

3 
3 

3 
3 

12 
- 

l*Thickness reduction - approximately 10 t o  20%. 1 
Equipment: A Stanat r o l l i n g  m i l l ,  Model TA-215 w a s  used t o  r o l l - s t r a i n  t h e  
materials. 

For t e n s i l e  t e s t i n g  and a g i n g ,  t h e  same equipment t h a t  had been used i n  t h e  
p a r e n t  metal t es t  series w a s  used. 

Procedures:  The b l a n k s  f o r  r o l l  s t r a i n i n g  were 3 i n c h  (7.6 cm) x 5 i n c h  (12.70 
cm) p i e c e s  of s h e e t  mater ia l ,  w i t h  t h e  l o n g i t u d i n a l  g r a i n  d i r e c t i o n  p a r a l l e l  
t o  t h e  5 i n c h  (12.70 cm) l e n g t h .  When t h e  room tempera ture  r o l l i n g  o p e r a t i o n s  
were performed, t h e  b lanks  were r o l l e d  i n  r e p e a t e d  p a s s e s  u n t i l  t h e  d e s i r e d  
r e d u c t i o n  i n  t h i c k n e s s  w a s  achieved.  When t h e  materials w e r e  r o l l e d  a t  -320°F 
(78'K), t h e  b lanks  w e r e  immersed i n  LN2 f o r  a minimum of 5 minutes ,  passed 
through t h e  r o l l s ,  a g a i n  immersed i n  LN2 f o r  a minimum of 5 m i n u t e s ,  and a g a i n  
passed through t h e  r o l l s .  T h i s  sequence was r e p e a t e d  u n t i l  t h e  d e s i r e d  th ick-  
n e s s  r e d u c t i o n  w a s  achieved.  Becaused t h e  b lanks  were small t h e y  were e a s i l y  
and q u i c k l y  handled. I n  p r a c t i c e ,  i t  r e q u i r e d  less than  t e n  seconds,  t o  
remove a blank from the LN2, f e e d  i t  i n t o  and p a s s  i t  through t h e  r o l l s ,  and 
r e t u r n  i t  t o  t h e  LN2. 

Specimens of t h e  type  shown i n  F i g u r e  1 were made from t h e  r o l l e d  b l a n k s  
and t e s t e d  a t  room temperature .  
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ANALY S IS 

Uni form S t r a i n  
Capabi 1 i t y  (USC) 
a t  -32OOF (78OK) 

20.0 
20.0 
20.0 
20.0 

The r e s u l t s  of a11 t h e  tests conducted d u r i n g  Task V I  were ana lyzed .  Based 
on a comparat ive e v a l u a t i o n  of t h e  o v e r a l l  performance of t h e  t h r e e  a l l o y s ,  PH 
14-8 Mo w a s  s e l e c t e d  f o r  t e s t i n g  i n  Tasks V I 1  and V I I I .  

Percent o f  
USC a t  -320OF 

Designation (780K) 
P 50.0 
Q 65.0 
N 80.0 
S 80.0 

TASK VI1 - THERMAL PROCESSING STUDIES 

Purpose: PH 14-8 Mo i s  u s u a l l y  procured  i n  e i t h e r  of two c o n d i t i o n s :  Condi t ion  
A ,  t h e  s o l u t i o n  t r e a t e d  c o n d i t i o n ,  o r  Condi t ion CH-900, co ld  r o l l e d  a t  t h e  m i l l  
t o  approximately a 60 p e r c e n t  r e d u c t i o n ,  and aged one hour  a t  900°F (756OK). 

During t h e  preceding  t a s k s ,  whenever PH 14-8 Mo specimens were aged,  t h e  
CH-900 a g i n g  t r e a t m e n t ,  one hour a t  900°F (756'K) w a s  used. Task VI1 w a s  con- 
duc ted  t o  s t u d y  t h e  e f f e c t s  produced by o t h e r  ag ing  t r e a t m e n t s  on room tempera- 
t u r e  t e n s i l e  p r o p e r t i e s  developed by c r y o s t r a i n e d  PH 14-8 Mo. The o b j e c t i v e  of 
Task VI1 w a s  t o  select  twenty combinations of c r y o s t r a i n - a g i n g  t r e a t m e n t s  f o r  
s t u d y  i n  t h e  Task VI11 stress c o r r o s i o n  and toughness  tests. 

Approach: 
s t r a i n i n g  and ag ing  schedules .  Four groups of specimens were s t r a i n e d .  
Three groups  were s t r a i n e d  a t  -320'F (78'K) t o  each  of t h r e e  s t r a i n  levels,  
i d e n t i f i e d  ZS P,  Q ,  and N ,  i n  o r d e r  of i n c r e a s e d  s t r a i n .  The f o u r t h  group of 
specimens w a s  s t r a i n e d  a t  room tempera ture  t o  a s t r a i n  e q u a l  t o  level  N a t  
-320'F (78'K). 
aging , treatments.  A f t e r  being aged t h e  specimens were remachined and room 
tempera ture  t e n s i l e  tests were conducted t o  o b t a i n  u l t i m a t e  t e n s i l e  s t r e n g t h ,  
t e n s i l e  y i e l d  s t r e n g t h ,  and e l o n g a t i o n .  Based on t h e s e  tes t  r e s u l t s  twenty 
combinat ions of c r y o s t r a i n  and aging t r e a t m e n t s  ( tempera ture  and t ime) were 
s e l e c t e d  f o r  u s e  i n  t h e  Task V I I I  tests.  

The b a s i c  p l a n  f o r  Task V I 1  i s  d e f i n e d  i n  Tables  11 and 1 2 ,  t h e  

Then, as i n d i c a t e d  i n  Table  1 2 ,  specimens were g i v e n  v a r i o u s  

Table  11 - S t r a i n i n g  Schedule ,  Task V I 1  

Number of  
Specimens 

60 
60 
60 
18 

I S t r a i n  Level 

-320 (78) 
16.0 I -320 (78) 
16.0 RT 

Specimens: 
of t h e  t y p e  shown i n  F i g u r e  19. A f t e r  b e i n g  s t r a i n e d ,  t h e  specimens w e r e  re- 
machined t o  t h e  c o n f i g u r a t i o n  shown i n  F i g u r e  20, and t h e n  aged i n  accordance 
w i t h  t h e  schedule  g i v e n  i n  Table  1 2  on t h e  f o l l o w i n g  page. 

The specimens used throughout  i n  Task V I 1  w e r e  g r i d d e d  specimens 
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Procedures:  For o p e r a t i o n s  common t o  Task V I  ar,d Task VIIy such  as  cryo- 
s t r a i n i n g  s t r a i n  measurement and ag ing ,  t h e  techniques  and procedures  used 
i n  Task V I  were a l s o  used i n  Task V I I .  

Table  12 - Aging Schedule ,  Task VI1 
Aging Temp Aging Time ( h r )  

I 

No. o f  Specimens 
.vel 
\I (16%) 

2 
2 
2 
3 
2 
2 
2 

i trai  n 
2 (13%) 

2 
2 
2 
3 
2 
2 - 

P (10%) 
2 
2 
2 
3 
3 
2 
1 
2 
2 
3 
3 
3 
2 
2 
2 

2 
1 

- 

8OO0F 
(700OK) 

0.5 
1 
2 
4 
6 
8 

12 
900°F 
(7560K) 

0.5 
1 
2 
4 
4.5 
5 
5.5 
6 
7 
8 

16 

2 
3 
2 
2 
2 
2 
2 
2 

2 
1 

- 

2 
3 
3 
2 
4 
2 
3 
2 

2 
1 
2 
2 
3 
3 
1 

1 
1 
2 
2 
2 
2 

- 

- 

- 

95OoF 
(783OK) 

0.5 
1 
2 
4 
6 
7 
8 

16 

2 
2 
2 
3 
2 

2 
1 
2 
2 
2 
2 

- 

- 

1000°F 
(81l0K) 

0 .5  
1 
2 
4 
7 

1 O5O0F 
(8390K) 

1 
7 

11 OO°F 
(866PK) 2 0.5 2 2 
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ANALYSIS 

AG I NG 
TEMP E RAT U RE TIME 
"F " K  (hr) 
800 700 1, 4, 8 
950 7 83 1, 4, 8 
900 756 1, 2, 4, 8* 

The d a t a  from t h e  Task VI1 tests were ana lyzed  t o  determine which combina- 
t i o n s  of s t r a i n  l eve l  and ag ing  tempera tures  and times should b e  used i n  t h e  
Task VI11 toughness and stress co r ros ion  tests. The fo l lowing  combinations 
were s e l e c t e d  and used f o r  t h e  10% and 15% p r e s t r a i n e d  materials. 
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T A S K  VI11 - T O U G H N E S S ,  S T R E S S  C O R R O S I O N ,  H I G H  ENERGY R A T E  S T R A I N I N G  
AND C O M P R E S S I O N  TESTS 

Purpose: 
(78°K) a f f e c t e d  t h e  toughness ,  stress c o r r o s i o n  resistance, and compressive 
y i e l d  s t r e n g t h  of  PH 14-8 Mo; and t o  i n v e s t i g a t e  t h e  effects  of s t r a i n i n g  PH 
14-8 Mo a t  -320°F (78°K) us ing  a h i g h  energy rate (explos ive)  technique .  

Task V I I I  w a s  conducted t o  determine how c r y o s t r a i n i n g  a t  -320°F 

Approach: Task V I 1 1  w a s  d i v i d e d  i n t o  f o u r  s u b t a s k s  t h a t  w i l l  b e  d i s c u s s e d  
s e p a r a t e l y .  I n  g e n e r a l ,  however, many o p e r a t i o n s  conducted i n  Task V I 1 1  were 
similar t o  o p e r a t i o n s  performed i n  preceding  tasks. For example, g r i d d i n g  of 
specimen s t o c k ,  s t r a i n i n g ,  s t r a i n  measurement, and h e a t  treatment. The tech- 
n i q u e s  and procedures  used i n  Task V I 1 1  t o  perform o p e r a t i o n s  common t o  o t h e r  
tasks w e r e  t h e  same as those used i n  t h e  preceding  t a s k s .  

A t  t h e  end of Task V I I ,  twenty combinations of c r y o s t r a i n ,  ag ing  tempera- 
t u r e ,  and ag ing  t i m e ,  w e r e  s e l e c t e d  as specimen c o n d i t i o n i n g  t r e a t m e n t s  f o r  
t h e  toughness and stress c o r r o s i o n  s t u d i e s  scheduled  f o r  Task V I I I .  The b a s i c  
p l a n  f o r  b o t h  t h e  toughness and stress c o r r o s i o n  tests w a s  t o  s u b j e c t  s p e c i -  
mens r e p r e s e n t a t i v e  of each of  t h e  twenty c o n d i t i o n s  t o  e q u i v a l e n t  toughness 
and c o r r o s i o n  tests t o  develop d a t a  f o r  comparative e v a l u a t i o n  of t h e  condi- 
t i o n i n g  t r e a t m e n t s .  

The p l a n  f o r  t h e  h i g h  energy rate s t r a i n i n g  tests w a s  t o  e x p l o s i v e l y  s t r a i n  
samples of  t h e  PH 14-8 Ma a t  room temperature  and o t h e r  samples a t  -320°F 
(78°K). T e n s i l e  specimens were p r e p a r e d  from t h e  s t r a i n e d  material, aged,  and 
t e n s i l e  t e s t e d  a t  room temperature  t o  o b t a i n  d a t a  f o r  comparison w i t h  d a t a  
from t h e  Task V I  P a r e n t  Metal  and Higher  S t r a i n  Rate tests. 

The compression tests were conducted t o  determine how p r e s  t r a i n i n g  i n  
u n i a x i a l  t e n s i o n  a f f e c t e d  t h e  room temperature  compressive y i e l d  s t r e n g t h  of 
PH 14-8 Mo. For t h i s  purpose compressive tes t  specimens were prepared  from 
PH 14-8 Mo s h e e t  s t o c k  t h a t  had been p r e s t r a i n e d  a t  -320°F (78°K) o r  a t  room 
temperature .  These specimens were t e s t e d  a t  room tempera ture ,  some i n  t h e  
p r e s t r a i n e d  and unaged c o n d i t i o n ,  o t h e r s  a f t e r  h a v i n g  been given one of several 
aging t r e a t m e n t s  s e l e c t e d  f o r  t h e  s tudy .  Equal q u a n t i t i e s  of l o n g i t u d i n a l  and 
long  transverse specimens were prep,ared and t e s t e d .  Also, f o r  comparison, 
t e n s i l e  specimens were prepared  from p r e s t r a i n e d  material, aged a long  w i t h  t h e  
compression specimens,  and t e s t e d  a t  room temperature  However, where specimens 
w i t h  corresponding p r e s  t r a i n ,  o r  p r e s  t r a i n  and ag ing  t r e a t m e n t s  had been t e s t e d  
i n  t h e  Task V I  P a r e n t  Metal t es t  series, t h e  Task V I  d a t a  were used f o r  com- 
p a r s i o n .  Also, compression tests w e r e  conducted on specimens prepared  from 
s t o c k  t h a t  had been h e a t  t r e a t e d  t o  t h e  SRH 950 and SRH 1050 c o n d i t i o n s .  
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TOUGHNESS TESTS 

Purpose: This series of  tests w a s  conducted t o  develop d a t a  t o  compare the  
toughness of PH 14-8 Mo i n  v a r i o u s  cryos t ra ined-aged c o n d i t i o n s .  

Approach: The toughness series of  tests c o n s i s t e d  of t h e  fo l lowing:  

1. Room temperature  t e n s i l e  tes t  ( c o n t r o l  specimens) .  

2 .  Room temperature  n o t c h e d - t e n s i l e  tests. 

3. Room temperature  c e n t e r  cracked toughness tests. 

The toughness test schedule  , i n c l u d i n g  b a s e l i n e  t e s t i n g ,  i s  shown i n  Table 
13. 

Procedures:  

C o n t r o l  Specimen T e s t s :  
i n  Task VI1 (F igures  1 9  and 
t h e  notched t e n s i l e  tests, 

Unnotched specimens of t h e  t y p e  t h a t  had been used 
20) were used as c o n t r o l  o r  b a s e l i n e  specimens f o r  
These specimens w e r e  s t r a i n e d  and t h e n  remachined 

i n  t h e  same way t h a t  t h e  Task V I 1  specimens had been processed ,  
and remachining these specimens w e r e  s t o r e d  u n t i l  t h e  notched tensi le  specimens 
had been s t r a i n e d  and were ready f o r  aging.  
were t h e n  aged t o g e t h e r ,  i n  accordance w i t h  t h e  s c h e d u l e ,  Table  13. Room t e m -  
p e r a t u r e  t e n s i l e  tests were t h e n  conducted on t h e  unnotched c o n t r o l  specimens.  
The p r o p e r t i e s  measured i n  t h e s e  tests were u l t i m a t e  t e n s i l e  s t r e n g t h ,  t e n s i l e  
y i e l d  s t r e n g t h ,  and e l o n g a t i o n  i n  2 i n c h e s .  

A f t e r  s t r a i n i n g  

The notched and unnotched specimens 

Notched T e n s i l e  Tests: Specimens of th i s  t y p e  shown i n  F i g u r e  25 were ap- 
p r o p r i a t e l y  s t r a i n e d ,  e i t h e r  a t  room tempera ture  o r  a t  -320°F ( 7 8 O K ) ,  i n  accord- 
ance w i t h  t h e  test schedule .  The u s u a l  procedures  and techniques  were used t o  
s t r a i n  t h e s e  specimens,  except  t h a t  because of t h e i r  s i z e ,  t h e  150 000 l b  
(667 500 N)  c a p a c i t y  Baldwin u n i v e r s a l  t e s t  machine and a l a r g e  c r y o s t a t  w e r e  
used (F igure  26) .  
fol lowed.  

I n  a l l  o t h e r  r e s p e c t s  t h e  u s u a l  s t r a i n i n g  procedures  were 

A f t e r  b e i n g  s t r a i n e d ,  t h e  specimens were notched as shown i n  F i g u r e  27 .  
The e lec t r ica l  d i s c h a r g e  machining (EDM) p r o c e s s  w a s  used f o r  t h i s  o p e r a t i o n .  
The machine used w a s  a C i n c i n n a t i  M i l l i n g  Machine Company EDM, Model No. 250. 
The s e t u p  f o r  producing t h e  notches  is  shown i n  F i g u r e  28. 

It w a s  necessary  t o  remove t h e  scale t h a t  formed on t h e  notch s u r f a c e s  d u r i n g  
t h e  EDM p r o c e s s  by hand f i l i n g .  A f t e r  t h i s  w a s  done, t h e  notch  r a d i i  were meas- 
ured  and found t o  range  from 0.003 i n .  (0.008 cm) t o  0.005 i n .  (0.012 cm). A 
notch  r a d i u s  of 0.001 i n .  (0.003 cm) maximum w a s  needed t o  a c h i e v e  t h e  d e s i r e d  
stress c o n c e n t r a t i o n  f a c t o r  (K ) of 1 6  o r  g r e a t e r  (Ref. 1 2 ) .  Therefore ,  each 

notch  r a d i u s  w a s  hand d r e s s e d  t o  0.001 i n .  (0.003 cm). 
t 

A Bausch & Lomb 20-inch (50.8 cm) o p t i c a l  comparator ,  Model No. 38-13-20 
w a s  used t o  measure c r i t i c a l  dimensions of t h e  notched specimens.  The dimensions 
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I =  18.00 

10. I6 

1 1 I 

All dimensions in inches 
12.00 

I 

All dimensions in centimeters 
3 0 . 4 8 N  

F i g u r e  25 C o n f i g u r a t i o n  o f  S t r a i n i n g  B l a n k  for N o t c h e d  T e n s i l e  S p e c i m e n  
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Figure 26 Setup for ,  Straining the Notched Tensile and Toughness Blanks 
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measured ( a t  20X m a g n i f i c a t i o n )  on each specimen were: 

1. The width  of t h e  specimen a t  t h e  notches .  

2 .  

3 .  The d i s t a n c e  between t h e  two notches .  

4 .  The r a d i u s  of each notch .  

The depth  of b o t h  notches .  

The specimens w e r e  t h e n  t e s t e d  t o  f a i l u r e  i n  t e n s i o n  a t  room tempera ture .  
The p r o p e r t i e s  measured were u l t i m a t e  t e n s i l e  s t r e n g t h ,  and e l o n g a t i o n  i n  2 
inches  (5.08 cm) . 

R, TYP 
0,500J L 0.001 
(1.2701 (0.0 03) inches 

(centimeters) 

Figure 27 Configuration o f  Notched Tensile Specimen 

Center  Cracked Tests: The specimens s t r a i n e d  t o  t h e  10 p e r c e n t  and 15 per-  
c e n t  s t ra in  levels a t  room tempera ture  and t o  t h e  1 0  p e r c e n t  level  a t  -3200F 
(78OK) (Table 13)  were of t h e  t y p e  shown i n  F igure  28. 
i n  t h e  g r i p  p o r t i o n s  of t h i s  t y p e  specimen t o  p r e v e n t  b e a r i n g  f a i l u r e  dur ing  
s t r a i n i n g .  The d o u b l e r s  were a t t a c h e d  by spotwelding.  
i n g  t h e  d o u b l e r s  w a s  s a t i s f a c t o r y  f o r  room tempera ture  s t r a i n i n g  and f o r  s t r a i n -  
i n g  10 p e r c e n t  a t  -3200F (78OK) .  However, t o  a c h i e v e  15 p e r c e n t  s t r a i n  a t  -3200F 
( 7 8 0 K ) ,  i t  w a s  n e c e s s a r y  t o  use  mechanical  f a s t e n e r s  (huck-bolts)  t o  a t t a c h  t h e  
d o u b l e r s ,  and a l s o  t o  modify t h e  d e s i g n  of t h e  s t r a i n i n g  specimen. The s p e c i -  
mens s t r a i n e d  15 p e r c e n t  a t  -3200F (78OK) were t h e  t y p e  shown i n  F igure  29. 

Doublers were r e q u i r e d  

This  method of a t t a c h -  

The s t r a i n e d  specimens were made i n t o  t es t  specimens of t h e  t y p e  shown i n  
F igure  30 (Ref. 1 3  and 1 4 ) .  These specimens were made by s h e a r i n g  and machin- 
i n g  t h e  gage s e c t i o n s  of t h e  s t r a i n e d  specimens i n t o  r e c t a n g u l a r  b l a n k s  3 
i n c h e s  (7.62 cm) x 1 2  i n c h e s  (30.48 c m ) .  The b l a n k s  w e r e  t h e n  i d e n t i f i e d  and 
a p p r o p r i a t e l y  aged (Table  1 3 ) .  Next, three h o l e s ,  as shown i n  F i g u r e  3 0 ,  were 
added by t h e  EDM p r o c e s s .  Then, a f t e r  t h e  h o l e s  had been hand d r e s s e d  t o  re- 
move scale formed d u r i n g  t h e  EDM o p e r a t i o n ,  t h e  c e n t e r  no tches  were extended by 
f a t i g u e  c racking .  For t h i s  purpose t h e  specimens were loaded i n  axial  t e n s i o n  
i n  a Baldwin u n i v e r s a l  f a t i g u e  t e s t i n g  machine, Type SF-10-4, 10 000 l b  
(44  500 N) c a p a c i t y .  
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The center cracked specimens were tested on the 150 000 lb (667 500 N) ca- 
pacity Baldwin universal test machine. An Instron extensometer, G51-13, was 
used as a compliance gage. This was.attached to the specimen, spanning the 
center crack at its midpoint. Strain was measured over a 0.500 inch (1.27 cm) 
gage length. 
curve for each test. 

An X-Y recorder was used to autographically plot a load-strain 

Dia Ho (0.64) 

0*06 
(0.152) Max. 

Fatigue Crack 

inches 
(cent i meter SI 

Figure 30 Configuration of the Center-Cracked Specimens 
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STRESS CORROSION TESTS 

Purpose: T h i s  series of tests was conducted t o  de te rmine  how PH 14-8 Mo i n  
v a r i o u s  s t r a i n e d  and u n s t r a i n e d  c o n d i t i o n s  was a f f e c t e d  by a l t e r n a t e  immersion 
i n  a n  aqueous 3 . 5  p e r c e n t  N a C l  s o l u t i o n .  

Approach: The stress c o r r o s i o n  test s c h e d u l e  i s  g i v e n  i n  Table  1 4 .  
of t h e  PH 14-8 Mo s h e e t  material were prepared  i n  t h e  c o n d i t i o n s  and q u a n t i t i e s  
i n d i c a t e d  and exposed t o  500 c y c l e s  of a l t e r n a t e  immersion i n  a n  aqueous 3 . 5  
p e r c e n t  N a C l  s o l u t i o n .  
merged i n  t h e  s o l u t i o n  f o r  10 minutes  and o u t  f o r  5 0  minutes .  

Specimens 

During each immersion c y c l e  t h e  specimens were sub- 

All t h e  specimens exposed t o  t h e  s o l u t i o n  i n  a s t r e s s e d  c o n d i t i o n  (Table  14)  
were s o  prepared  t h a t  t h e  o u t e r  f i b e r  t e n s i l e  stress w a s  a p p l i e d  i n  t h e  long  
t r a n s v e r s e  g r a i n  d i r e c t i o n .  

Procedures:  Corrosion specimens of room tempera ture  s t r a i n e d  and cryostra . ined 
material were prepared  as f o l l o w s :  

1. 20 b l a n k s  of t h e  type shown i n  F igure  31 w e r e  s t r a i n e d  t o  level 
A-A ( t a r g e t  s t r a i n  10%) a t  -320°F (78°K). The u s u a l  s t r a i n i n g  
procedures  w e r e  followed. 

s t r a in  15%) a t  -320°F (78°K). 

2 b l a n k s  w e r e  s t r a i n e d  t o  level A-A ( t a r g e t  s t r a i n  10%) a t  room 
temperature .  

temperature .  

i n c h e s  (13.44 cm) l o n g  w e r e  made from t h e  gage s e c t i o n  of each of 
t h e  s t r a i n e d  b lanks  (F igure  32) .  

Schedule (Table  14) . 

2.  20 b l a n k s  of t h e  same type  w e r e  s t r a i n e d  t o  level B-B ( t a r g e t  

3. 

4. 2 b lanks  w e r e  s t r a i n e d  t o  level  B-B ( t a r g e t  s t r a i n  15%) a t  room 

5. 3 c o r r o s i o n  specimens t x 0.250 i n c h e s  (0.635 cm) wide x 5.312 '  

6 .  The c o r r o s i o n  specimens w e r e  aged i n  accordance w i t h  t h e  T e s t  

S i x  c o r r o s i o n  specimens of t h e  type shown i n  F igure  32 w e r e  made from a 3 
i n c h  (7.62 cm) x 5.312 i n c h  (13.44 cm) p i e c e  of t h e  PH 14-8 Mo s h e e t  material 
t h a t  had been h e a t  t r e a t e d  t o  t h e  SRH-950 condi t ion .  The fo l lowing  h e a t  treat- 
ment w a s  used:  

The material w a s  c leaned and coa ted  w i t h  Turco P r e t r e a t ,  It w a s  
h e a t e d  t o  1700°F (1200°K) and h e l d  a t  t h a t  temperature  f o r  one hour ,  
a i r  cooled t o  room tempera ture  and immediately cooled t o  -100°F (200°K). 
It w a s  h e l d  a t  -100°F (200°K) f o r  8 h o u r s  and t h e n  aged one hour  a t  
950°F (783°K) and a i r  cooled t o  room temperature .  
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S i x  c o r r o s i o n  specimens of  t h e  type shown i n  Figure 32 were made from a 3 
inch  (7 .62  cm) x 5.312 i n c h  (13 .44  cm) p i e c e  of t h e  PH 14-8 Mo s h e e t  material 
t h a t  had been heat t r e a t e d  t o  t h e  SRH-1050 c o n d i t i o n .  The h e a t  t r e a t m e n t  f o r  
t h i s  material w a s  t h e  same as f o r  t h e  p i e c e  h e a t  t r e a t e d  t o  SRH-950, except  
t h a t  t h e  ag ing  tempera ture  w a s  1050°F (839'K) r a t h e r  t h a n  950°F ( 7 8 3 ° K ) .  

S i x  c o r r o s i o n  specimens of the type shown i n  Figure 32 were made from t h e  
PH 14-8 Mo Condit ion A material. 

A s  shown i n  t h e  test schedule  (Table  14)  one- th i rd  of t h e  t o t a l  q u a n t i t y  
of c o r r o s i o n  specimens were exposed t o  the  c o r r o s i v e  medium i n  t h e  f r e e ,  un- 
s t r e s s e d  c o n d i t i o n .  Specimens of  t h i s  type w e r e  p repared  f o r  exposure as f o l -  
lows : 

1. The Turco P r e t r e a t  used i n  the  h e a t  t r e a t i n g  o p e r a t i o n s  w a s  removed 
from t h e  s u r f a c e s  of  t h e  specimens by hand d r e s s i n g  w i t h  a commer- 
c i a l  cleanser. 

2 .  The specimens w e r e  thoroughly cleaned.  The c l e a n i n g  included vapor  
d e g r e a s i n g  fol lowed by a series of water rinses, then a l k a l i n e  
c l e a n i n g  and thorough r i s i n g  i n  de ionized  water. 
w e r e  then thoroughly d r i e d  and s e a l e d  i n  p l a s t i c  envelopes u n t i l  
needed. 

3 .  To p r e p a r e  them f o r  exposure t h e  specimens w e r e  removed from t h e  

The specimens 

p r o t e c t i v e  envelopes and,  w i t h  nylon c o r d ,  w e r e  suspended from t h e  
specimen h o l d i n g  rack  of  t h e  alternate immersion test machine. 

A l l  o t h e r  c o r r o s i o n  specimens w e r e  exposed t o  the  c o r r o s i v e  medium i n  a 
s t r e s s e d  s ta te .  A s  i n d i c a t e d  i n  Table  1 4 ,  one- th i rd  of t h e  t o t a l  q u a n t i t y  of 
specimens were s t r e s s e d  t o  50 p e r c e n t  of t e n s i l e  y i e l d  s t r e n g t h ,  one- th i rd  t o  
80 p e r c e n t  of tensile y i e l d  s t r e n g t h ,  and exposed i n  those c o n d i t i o n s .  To 
stress t h e  specimens f o r  exposure ,  they w e r e  loaded  i n  four -poin t  bending as 
shown i n  Figure  33.  Since t e n s i l e  y i e l d  s t r e n g t h  v a r i e d  w i t h  s t r a i n  level 
and a g i n g  t r e a t m e n t ,  t h e  d e f l e c t i o n  t o  develop t h e  r e q u i r e d  o u t e r  f i b e r  stress 
w a s  c a l c u l a t e d  f o r  each s t r e s s e d  specimen (Table  1 4 ) .  

These specimens w e r e  handled i n  the same manner as u n s t r e s s e d  specimens,  
through c l e a n i n g  and p r o t e c t i v e  packaging. I n s t a l l a t i o n  of  t h i s  type of spec- 
imen i n t o  t h e  four -poin t  loading  f i x t u r e  w a s  accomplished as fo l lows  : 

1. A f i x t u r e  and specimen were assembled i n t o  t h e  device  shown i n  
F igure  34 .  This  device  h e l d  t h e  f i x t u r e  i n  p o s i t i o n  s o  t h a t  a f t e r  
t h e  d i a l  i n d i c a t o r  had been zeroed t o  t h e  p r o p e r l y  p o s i t i o n e d  b u t  
u n d e f l e c t e d  specimen, t h e  r e q u i r e d  d e f l e c t i o n  could  b e  s e t  by ad- 
j u s t i n g  t h e  set-screw a c t i v a t e d  l o a d i n g  b lock  t o  t h e  p r o p e r  pos i -  
t i o n .  D e f l e c t i o n  w a s  measured w i t h  t h e  d i a l  i n d i c a t o r .  
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Table 14 Test Schedule, Task VI11 Stress Corrosion Tests 

I I Aging Treatment 
Materi a1 
condition 

Midpoint Outer fiber stress 
deflection % of tensile b l a n k  NO lspecimen No. 

Straining Test 
psi N/cm2 

in. 
0 
0.374 

0 
0.374 
0.598 

- 

0.598 
eve1 A-A strained 
0% a t  -32OoF 
780K) 

AA-1N 

AA-2N AA-EN-1 
-2 1 
-3 1 198 124 000 Oo0 I 137 85 000 500 

0.950 50 

0 
0.405 
0.646 
0 
0.405 
0.646 
0 
0.405 
0.646 
0 
0.405 
0.646 
0 
0.405 
0.646 

- 

- 

- 

- 

1.64 

1.03 50 
1.64 80 
n n 

-2 
- 3  

AA-5N AA-5N-1 8 I 
I -2 8 

-3  8 
i.03 I 50 
1.64 80 
0 0 
1.03 I 50 1.64 80 

0 0 
134 000 92 500 
214 000 148 000 

0 0 
134 000 92 500 
214 000 148 000 

0 0 
134 000 92 500 
214 000 148 000 

0 0 
136 000 93 700 
218 000 150 000 

0 0 
136 000 93 800 
218 000 150 000 

0 0 
137 000 94 500 
219 000 151 000 

0 
0.405 
0.646 
0 
0.411 
0.658 
0 
0.411 
0.658 
0 
0.414 
0.661 

- 

- 

- 

1.03 50 
1.64 80 

1.04 50 
1.67 80 

1.68 80 
0 
0.414 
0.661 
0 
0.417 
3.667 
0 
0.417 
0.667 

- 
0 

1.06 50 
1.70 80 
0 
1.06 
1.70 

0 
50 
80 

0 

0 
0.423 
0.676 

-2 1 

AA-16N AA-16N-1 1 
-3 1 t 1.72 

1.07 50 
1.72 80 

0 
0.423 
0.676 

0 
I I 2 I :  I 

0 
0.417 
0.664 
0 
0.417 
0.664 
0 
.408 
0.652 
0 
0.408 
0.652 

- 

- 

- 

- 

I 500 
0 
1.06 I 
1.68 
0 
1.06 
1.68 
0 
1.04 
1.66 

- 

- 

80 
0 

50 
80 

0 
50 
80 

AA-19N 

AA-2ON 
-2 
-3 950 (783) 1.66 80 
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Table 14 (cont) 

Aging Treatment Midpoint 

(hr)  OF (OK) in. 7 ~~~~~n~~~ s p e ~ ~ &  No. Time Temperature- 
Materi a1 
condition . 

Outer f i b e r  stress 
% of t e n s i l e  psi N/cm2 

yie ld  

eve1 B-B st rained 
5% a t  -3200F 
78oK) 

BB-1N 

BB-2N 

BB-3N 

BB-1N-1 1 800 (700) 0 
-2 1 A 0.487 
-3 1 0.781 

-2 1 0.487 
-3 1 0.781 

-2 4 0.498 
-3 4 0.787 

BB-EN-1 1 0 

BB-3N-1 4 0 

I I I I I 

BB-4N I BB-4N-1 I 4 1  I I o  

0 
1.24 
1.98 

0.493 
0.787 

-2 0.527 
-3 8 0.843 

0 0 0 
50 157 000 108 000 
80 252 000 174 000 

BB-6N BB-6N-1 0 1 1; 1 ! I 800k7001 1 0:843 0 527 

0 
1.25 
2.00 

0 
1.34 
2.14 

0 
1.34 
2.14 

0 
1.20 
1.93 
0 
1.20 
1.93 

0 
1.31 
2.10 

0 0 0 
50 159 000 110 000 
80 254 000 175 000 

0 0 0 
50 170 000 117 000 
80 272 000 188 000 

0 0 0 
50 170 000 117 000 
80 272 000 188 000 
0 0 0 

50 153 000 106 000 
80 245 000 169 000 

0 0 0 
50 153 000 106 000 
80 245 000 169 000 

0 0 0 
50 166 000 115 000 
80 267 000 184 000 

0 
1.31 
2.10 

BB-19N BB-19N-1 

0 0 0 
50 166 000 115 000 
80 267 000 184 000 

0 
1.24 
1.98 

1.25 50 
2.00 80 

0 0 0 
50 157 000 108 000 
80 252 000 174 000 

BB-13N 

BB-14N 

BB-15N 

BB-16N 

BB-17N 

BB-13N-1 8 0 
-2 8 0.487 
-3 8 0.781 

-2 8 0.487 
BB-14N-1 8 Y 0 

-3 8 900 (756) 0.781 
BB-l5N-1 1 950 (783) 0 

-2 1 0.508 
-3 1 0.812 

-2 1 0.508 
-3 1 0.812 

-2 4 0.496 
-3 4 0.797 

BB-16N-1 1 0 

BB-17N-1 4 0 

0 
1.27 
2.03 
0 
1.27 
2.03 

- 

BB-18N 

* o  
50 
80 

0 
50 
80 

BB-18N-1 4 0 
-2 4 0.496 
-3 4 0.797 

0 
1.26 
2.02 

1.29 50 
2.03 80 

0 

J 

0 0 0 
50 160 000 110 000 
80 257 000 176 000 

1.26 50 
2.02 80 

156 000 O 1  108 000 O 
250 000 1172 000 

0 1  0 BB-ZON BB-2ON-1 8 1 0  
-2 8 
-3 950 (783) P i n  Hole Fai lure  - Straining 

I I I 
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Material Straining 
condition blank No. 

Condition A 

Level A-A st rained 
10% a t  room tem- 
perature 

- 
Level BB st rained 
15% a t  rooin tem- 
perature  

AA-1R 

AA-2R 

BB-1R 

BB-2R 

I 

Table 14 (concl) 

Aging treatment 
Time Temperature 
(hr)  OF ( O K )  

Test 
jpecimen No. 

XX-1 N/A N/A 
-2 A 
-3 
-4 
-5 
-6 

s9-1 
-2 
-3 
-4 
-5 
-6 

s1-1 
-2 
-3 
-4 
-5 V V 
-6 N/A N/A 

AA-1R-1 

AA-2R-1 
-2 
-3 1 

BB-1R-1 

-3 
BB-2R-1 

-3 -2 I ; I 900k756) 

- 
i n .  
0 
0.081 
0.129 
0 
0.081 
0.129 
0 
0.291 
0.465 
0 
0.291 
0.465 

- 

- 

Outer f i b e r  s t r e !  

/Psi 

0.203 50 28 500 
0.327 80 45 500 

0.738 
1.18 

0.738 50 102 000 
1.18 80 163 000 

0 
0.276 
0.439 
0 
0.276 
0.439 
0 
0.217 
0.347 
0 
0.217 
0.347 

__ 

0 
0.298 
0.474 
0 
0.298 
0.474 

- 

97 000 
1.12 154 000 

0.550 50 70 000 
0.880 80 112 000 
0 0 0 
0.550 I ;; I 70 000 
0.880 112 000 

96 000 ;.756 I ii I 
1.20 153 000 
0 0 0 
0.756 1 ii 1 96 000 
1.20 153 000 

I I 

N/cm2 

0 
19 700 
32 100 

0 
19 700 
32 100 

0 
7d 400 
112 000 

0 
70 400 
112 000 

0 
67 000 
106 000 

0 
67 000 
106 000 

0 
48 300 
72 200 

0 
48 300 
72 200 

0 
66 200 
105 000 

0 
66 200 
105 000 
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10.25,-q 

t 
c 2.00 

1 I 

5.08 

AllDimenskms in inches 
p p  26.04 

All Dimensions in centimeters 

Figure 31 Configuration of the Straining Blank f o r  the 
Stress Corrosion Specimens 

5.312 

Location of Metallographic Spec? 

0.250 0.500 -0.5QO inches 
(0.635) ( I .  270) I .270) (centimeters) ’ Q 

P f l h A H  U L 

Figure 32 Configuration o f  Stress Corrosion Specimens 
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(cen t imeter )  

*Def lec t ion  (max) = & (3 /4  R2-a2) 

Where : 

0 = Outer f i b e r  s t r e s s .  t = Thickness. 

a = Dis tance f rom load  p o i n t  E = Modulus o f  E l a s t i c i t y  = 29 x 106 
t o  suppor t  = 2.125 inches p s i  (20 x lo6 N/cm2) 
(5.398 cm). 

R = Length between suppor ts  = 4.750 
inches (12.065 cm) . 

* Reference: New Departure Handbook, VoZ II. Seventh E d i t i o n .  

S t ress  Cor ros ion  Specimen Assembled in F i x t u r e  

F igure  33 The Method and F i x t u r e  Design Used t o  Apply 
Load t o  S t ress  Corros ion Specimens 
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Figure 34 The Device and Method Used t o  Deflect the 
Stress Corrosion Specimens 
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2 .  Before a specimen was i n s t a l l e d  i n t o  a l o a d i n g  f i x t u r e ,  Mylar t a p e  
was a p p l i e d  t o  b o t h  ends of t h e  specimen, and t o  t h e  load  p o i n t s  
on t h e  f i x t u r e  and l o a d i n g  b lock .  T h i s  w a s  done t o  p r e v e n t  d i s -  
similar metal c o n t a c t .  A f t e r  a specimen had been p r o p e r l y  de- 
f l e c t e d ,  a b u t y l  rubber  maskent w a s  a p p l i e d  t o  a l l  s u r f a c e s  of t h e  
f i x t u r e ,  se t  screw, and l o a d i n g  b l o c k ,  i n c l u d i n g  t h o s e  l o c a t i o n s  
where t h e  specimen c o n t a c t e d  t h e  l o a d i n g  b lock  and t h e  f i x t u r e .  
A l l  unnecessary  maskent w a s  subsequent ly  removed from t h e  specimen, 
a f t e r  which t h e  specimen w a s  c leaned  w i t h  MEK and wiped d r y .  

The f i x t u r e d  specimens w e r e  suspended from t h e  specimen l o a d i n g  r a c k  of t h e  
a l t e r n a t e  immersion machine w i t h  nylon  cord .  

The a l t e r n a t e  immersion machine ( F i g .  35) c o n s i s t e d  of a frame t o  which 
were mounted two b u t y l  rubber  l i n e d  t a n k s  c o n t a i n i n g  t h e  N a C l  s o l u t i o n ;  a r a c k  
from which t h e  specimens were suspended; a pneumatic c y l i n d e r  t o  a c t u a t e  t h e  
r a c k ;  and a n  e l e c t r i c  t i m e r  a c t u a t e d  4-way c y l i n d e r  v a l v e .  The t i m e r  was ad- 
j u s t e d  so t h a t  f o r  10  minutes  of each hour  t h e  c y l i n d e r  w a s  h e l d  i n  t h e  down- 
s t r o k e  p o s i t i o n ,  and t h e  specimens were completely submerged i n  t h e  s o l u t i o n .  
For t h e  remainder of each  hour t h e  c y l i n d e r  w a s  i n  t h e  r e t r a c t e d  p o s i t i o n ,  
ho ld ing  t h e  specimens suspended above t h e  s o l u t i o n .  

The s o l u t i o n  w a s  made of r e a g e n t  g r a d e  N a C l  s a l t  and d e i o n i z e d  w a t e r .  The 
s p e c i f i c  g r a v i t y  of t h e  s o l u t i o n  w a s  a d j u s t e d  t o  1 .023.  The s p e c i f i c  g r a v i t y  
was t e s t e d  d a i l y ,  and a d d i t i o n a l l y ,  whenever water w a s  added t o  m a i n t a i n  t h e  
proper  l eve l  i n  t h e  t a n k s .  A l l  specimens were removed from tes t  a f t e r  523 
Lours.  Each specimen w a s  c l e a n e d ,  examined, and o b s e r v a t i o n s  were recorded .  
S e c t i o n s  w e r e  removed from s e l e c t e d  specimens,  as i n d i c a t e d  i n  F i g u r e  32, 
mounted i n  b a k e l i t e ,  ground,  p o l i s h e d ,  e t c h e d ,  and examined a t  m a g n i f i c a t i o n s  
t o  500X on a B a l f o n t  o p t i c a l  m e t a l l o g r a p h .  

H I G H  ENERGY RATE STRAINING TESTS 

Purpose: T h i s  ser ies  of tests w a s  conducted t o  develop d a t a  by which t o  com- 
p a r e  t h e  room tempera ture  t e n s i l e  p r o p e r t i e s  developed by PH 14-8 Mo through 
c r y o s t r a i n i n g  and room tempera ture  s t r a i n i n g  i n :  

1. U n i a x i a l  t e n s i o n  a t  a s t r a i n  r a t e  of 0.050 i n . / i n . / m i n  (0.050 cm/  
cm/min) (Task VI) .  

2 .  R o l l  s t r a i n i n g  (Task VI) .  

3 .  U n i a x i a l  t e n s i o n  a t  a s t r a i n  ra te  of 1 . 5  i n . / i n . / m i n  (1.5 c m / c m /  

4 .  Tension when s t r a i n e d  by a h i g h  energy  ra te  ( e x p l o s i v e )  method. 

min) (Task V I I ) .  

78 



Figure 35 The Alternate Immersion Machine Specimens and Setups 
Used in the Stress  Corrosion Tests 

*., 
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Approach: 
having a r e c t a n g u l a r ,  f l a t  bottomed c a v i t y .  
4 i n .  (10.16 cm) wide,  6 i n .  (15.24 cm) l o n g ,  and 1.38 i n ,  (3 .51 cm) deep.  
Samples of PH 14-8 Mo were e x p l o s i v e l y  formed i n  t h e  d i e  a t  b o t h  room temper- 
a t u r e  and a t  -320°F ( 7 8 O K ) .  
were t h e n  made from t h e  s t r a i n e d  material. These were aged one hour  a t  900°F 
(756OK) and t e s t e d  t o  f a i l u r e  a t  room tempera ture .  

P i e c e s  of t h e  PH 14-8 Mo s h e e t  were e x p l o s i v e l y  formed i n t o  a d i e  
The dimensions of t h e  c a v i t y  were 

T e n s i l e  specimens of t h e  t y p e  shown i n  F i g u r e  1 

Procedures :  Room tempera ture  s t r a i n i n g :  
tempera ture  h i g h  energy r a t e  s t r a i n i n g  tests were 8.5 i n ,  (21 .6  cm) x 1 2  i n .  
(30.48 cm) x t .  The s t a n d a r d  g r i d  p a t t e r n  w a s  a p p l i e d  t o  one s u r f a c e  of each 
t i  l a n k .  

The s t r a i n i n g  b l a n k s  used i n  t h e  room 

The sequence of o p e r a t i o n s  f o r  forming t h e  PH 14-8 Mo s h e e t  a t  room temper- 
a t u r e  was : 

1. The b l a n k  w a s  p laced  i n  p o s i t i o n  over  t h e  d i e  c a v i t y ,  w i t h  t h e  
gr idded  s i d e  of t h e  b lank  f a c i n g  t h e  bottom of t h e  d i e  c a v i t y .  

2 .  A r e c t a n g u l a r  h o l d i n g  p l a t e ,  w i t h  a r e c t a n g u l a r  opening having 
t h e  same p e r i p h e r a l  dimensions a s  t h e  d i e  c a v i t y ,  w a s  p laced  on 
t h e  b l a n k  and b o l t e d  t o  t h e  d i e ,  as shown i n  F i g u r e  36. Each 
holddown b o l t  w a s  torqued t o  500 i n . - l b  ( 5 6 . 6  j o u l e s ) .  

3 .  A 325 g r a i n  ( 0 . 0 2 0  k g ) ,  h e m i s p h e r i c a l l y  shaped charge of A3 explo- 
s ive ( 9 3 %  RDX, 7 %  wax) was p o s i t i o n e d  o v e r  t h e  geometr ic  c e n t e r  of 
t h e  b lank .  Cardboard s u p p o r t s  were used t o  hold  t h e  charge  i n  
p o s i t i o n  a t  t h e  e s t a b l i s h e d  s t a n d o f f  d i s t a n c e ,  4 . 5  i n .  
above t h e  s u r f a c e  of t h e  b l a n k  ( F i g u r e  3 6 ) .  

4 .  The d i e ,  b l a n k ,  and charge  assembly w a s  t h e n  lowered i n t o  t h e  form- 
i n g  p o o l ,  t h e  d i e  c a v i t y  was evacuated ,  and t h e  charge w a s  deto-  
n a t e d .  The assembly w a s  t h e n  removed from t h e  p o o l ,  i n s p e c t e d ,  
and t h e  b o l t s  were checked and r e t i g h t e n e d  i f  n e c e s s a r y .  Another 
325 g r a i n  ( 0 . 0 2 0  kg) charge w a s  t h e n  i n s t a l l e d  a t  t h e  same s t a n d -  
o f f  d i s t a n c e  as t h e  f i r s t .  Then, a f t e r  the  assembly had been 
submerged i n  t h e  p o o l  and t h e  d i e  c a v i t y  evacuated ,  t h e  charge  
was d e t o n a t e d .  

( 1 1 . 4  cm) 

A s  shown i n  F i g u r e  37 t h e  two-shot forming sequence w a s  n e c e s s a r y  t o  s t r a i n  
t h e  material  p r o p e r l y .  Even s o ,  c r a c k i n g  d i d  occur  a t  t h e  c o r n e r s .  However, 
t h e  s t o c k  from which t h e  t e n s i l e  specimens w e r e  made ( t h e  mater ia l  i n  c o n t a c t  
w i t h  t h e  f l a t  bot tom of t h e  d i e  c a v i t y )  d i d  s t r a i n  uniformly i n  t h e  l o n g  [ 6  i n .  
( 1 5 . 2 4  cm) ] d i r e c t i o n .  
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The same d i e  and holddown p l a t e  used i n  t h e  room tempera ture  s t r a i n i n g  op- 
e r a t i o n s  were used t o  s t r a i n  t h e  PH 14-8 Mo s h e e t  a t  -320OF (78'K). However, 
i t  was n e c e s s a r y  t o  u s e  a s t r a i n i n g  b lank  12 i n c h e s  (30.5 cm) s q u a r e  t o  g e t  t h e  
material  t o  draw p r o p e r l y .  I t  w a s  a l s o  n e c e s s a r y  t o  i n c r e a s e  t h e  t o r q u e  on t h e  
holddown b o l t s  t o  100 f t - l b  (136 j o u l e s )  t o  p r e v e n t  e x c e s s i v e  b u c k l i n g  of t h e  
f l a n g e  m a t e r i a l .  And, t o  g e t  r e l i a b l e  d e t o n a t i o n  of t h e  b l a s t i n g  caps  and ex- 
p l o s i v e  c h a r g e s ,  i t  w a s  n e c e s s a r y  t o  i n s u l a t e  them from t h e  LN2 i n  which t h e y  
were immersed. S i n c e  t h e  i n s u l a t i o n  d e c r e a s e d  t h e  e f f i c i e n c y  of t h e  c h a r g e ,  
i t  w a s  n e c e s s a r y  t o  u s e  l a r g e r  charges  f o r  b o t h  s h o t s .  The s i z e  of t h e  charge  
f o r  f i r s t  s h o t s  were i n c r e a s e d  t o  1100 g r a i n s  (0.066 kg) of A 3  e x p l o s i v e ,  and 
f o r  second s h o t s  a 900 g r a i n  (0.054 kg)  c h a r g e  w a s  used.  A 4 .5  i n .  (11.4 cm) 
s t a n d o f f  d i s t a n c e  was used f o r  b o t h  s h o t s .  

Immersion of t h e  d i e  i n  LN2 w a s  i m p r a c t i c a l  and unnecessary .  The method 
used i s  shown i n  F i g u r e s  38 and 39. An expendable  Styrofoam c y l i n d e r  w a s  a t -  
tached t o  t h e  d i e  t o  form an  open-top c o n t a i n e r  above t h e  PH 14-8 Mo b lank .  
LN2 was f e d  i n t o  t h e  c o n t a i n e r  from a s h i e l d e d  p r e s s u r i z e d  dewar u n t i l  t h e  
e x p l o s i v e  charge  w a s  submerged i n  LN2. The f low of LN2 w a s  main ta ined  u n t i l  
r a p i d  b o i l o f f  s t o p p e d .  The LN2 supply  hose  w a s  t h e n  removed and t h e  charge  w a s  
d e t o n a t e d .  

Specimens of t h e  t y p e  shown i n  F i g u r e  1 were made from t h e  s t r a i n e d  b l a n k s .  
These were aged f o r  one hour a t  900°F (756OK) and t h e n  t e n s i l e  t e s t e d  t o  f a i l -  
u r e  a t  room t e m p e r a t u r e .  

COMPRESSION TESTS 

Purpose:  This series o f  tests w a s  conducted t o  de te rmine  how t h e  room tempera- 
t u r e  compressive y i e l d  s t r e n g t h  of t h e  PH 14-8 Mo annealed s h e e t  material w a s  
a f f e c t e d  when t h e  material  w a s  p r e s  t r a i n e d  i n  uni form u n i a x i a l  t e n s i o n  a t  
-320°F (78°K) o r  a t  room temperature .  

Approach: The tes t  s c h e d u l e  f o r  t h e  Task V I 1 1  compression tes t  series is  shown 
i n  Table  1 5 .  One hundred twenty-eight  s t r a i n i n g  b l a n k s  of t h e  t y p e  shown i n  
F i g u r e  40 were s t r a i n e d ,  64 a t  room tempera ture  and 64 a t  -320°F (780K). A f t e r  
be ing  s t r a i n e d ,  40 of t h e  b l a n k s  w e r e  made i n t o  t e n s i l e  specimens of t y p e  shown 
i n  F i g u r e  1. The remaining blankg were made i n t o  compression specimens of t h e  
type  shown i n  F i g u r e  41.  Two compression specimens were made from t h e  gage 
s e c t i o n  of each of t h e s e  s t r a i n e d  b l a n k s .  Corresponding t e n s i l e  and compres- 
sion specimens w e r e  aged t o g e t h e r  a c c o r d i n g  t o  t h e  schedule  (Table  1 5 ) ,  e x c e p t  
when, as n o t e d  i n  Table  15, t e n s i l e  d a t a  from t h e  Task V I  P a r e n t  Metal T e s t  
series were used f o r  comparison. A f t e r  a g i n g ,  t h e  specimens w e r e  t e s t e d  a t  
room tempera ture .  The t e n s i l e  tests w e r e  conducted i n  accordance w i t h  t h e  
p r o v i s i o n s  and requi rements  of ASTM-E8-69. The compression tests w e r e  con- 
duc ted  i n  accordance w i t h  t h e  p r o v i s i o n s  and requi rements  of  ASTM-E9-69. A 
Montgomery-Templin compression f i x t u r e ,  s u b p r e s s  and a Wiedemann Machine Co. 
compressometer,  Model PC-5M w e r e  used t o  conduct t h e  compression tests. 

I n  a d d i t i o n  t o  t e s t i n g  t h e  s t r a i n e d  specimens,  t e n s i l e  and compression 
specimens,  made from t h e  PH 14-8 Mo s h e e t  t h a t  had been h e a t  t r e a t e d  t o  t h e  
SRH 950 and SRH 1050 c o n d i t i o n s  were t e s t e d  as i n d i c a t e d  i n  T a b l e  15. 



Figure  38 S e t t i n g  Up the Die and Charge f o r  E x p l o s i v e  
S t r a i n i n g  Sho t  a t  -320°F (78OK) 
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Figure 39 Showing the Styrofoam Container i n  Position 
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Table 15. Tes t  Schedule, Task VI11 Compression Tes ts  

S t r a i n  i ng 

remtse r a t  u r e  

O F  

RT 

RT 

RT 

RT 

RT 

RT 

RT 
RT 

RT 

RT 
-320 
-320 
-320 
-320 
- 320 
-320 
-320 
-320 
-320 
-320 

K 0 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 
78 
78 
78 
78 
78 
78 
78 
78 
78 
78 

SRH 950 
SRH 1050 

Level  
% 
8 
8 
8 

15 
15 
15 
8 
8 

15 
15 
8 
8 
8 

15 
15 
15 
8 
8 

15 
15 

Aging 

Temperature 

Unaged 

900 756 
900 756 
Unaged 

950 783 
950 783 
950 783 
950 783 
900 756 
900 756 
Unaged 

900 756 
900 756 
Unaged 

950 
r4/ A 

Number o f  Specimens Tested 

Comnression 

Long 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 

Trans 

4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 

Tension 

Long 
* 
2 
* 
* 
2 
* 
2 
2 
2 
2 
* 
2 
* 
* 
2 
* 
2 
2 
2 
2 
2 
2 

Trans 
* 
2 
* 
* 
2 
* 
2 
2 
2 
2 
* 
2 
* 
* 
2 
* 
2 
2 
2 
2 
2 
2 

* Data f rom Task V I  Parent  Metal Tes t  Se r ies  t o  be used f o r  com- 
p a r i  s o n ,  
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V. RESULTS AND DISCUSSION 

TASK VI - SELECTION OF A PROMISING ALLOY 
Synopsis 

Task V I  w a s  conducted t o  develop d a t a  by which t o  compare t h e  t h r e e  
a l l o y s  t e s t e d  w i t h  r e s p e c t  t o  chaliges i n  room tempera ture  t e n s i l e  p r o p e r t i e s  
induced by s t r a i n i n g  a t  -320" (78OK). The prime o b j e c t i v e  of t h e  t a s k  w a s  t o  
de te rmine  through comparat ive e v a l u a t i o n  of t h e  tes t  r e s u l t s ,  t h e  a l l o y  t h a t  
should  b e  t e s t e d  i n  Tasks V I 1  and V I I I .  PH 14-8 Mo w a s  chosen f o r  t h a t  pur- 
pose.  

A c t u a l l y  Task V I  t es t  r e s u l t s  i n d i c a t e d  t h a t  a l l  t h r e e  a l l o y s  were 
worthy c a n d i d a t e s  f o r  cont inued c r y o s t r a i n i n g  tests. However, based on over- 
a l l  performance, PH 14-8 Mo o f f e r e d  s l i g h t  advantages over  each of t h e  o t h e r  
a l l o y s .  From t h e  r e s u l t s  of t h e  p a r e n t  metal tes t  series i t  was l e a r n e d  t h a t  
PH 14-8 Mo developed s l i g h t l y  h i g h e r  t e n s i l e  s t r e n g t h s  f o r  e q u a l  p r e s t r a i n s  
t h a n  17-7 PH. Also, w h i l e  developing somewhat lower s t r e n g t h s  t h a n  PH 15-7 
Mo f o r  e q u a l  p r e s t r a i n s ,  PH 14-8 Mo d i d  n o t  e x h i b i t  t h e  tendency f o r  premature 
b r i t t l e  f r a c t u r e  dur ing  t e n s i l e  t e s t i n g  as d i d  PH 15-7 Mo. A d d i t i o n a l l y ,  t h e  
weldment test r e s u l t s  i n d i c a t e d  t h a t ,  as-welded, PH 14-8 Mo has  a h i g h e r  
uniform s t r a i n  c a p a b i l i t y  t h a n  PH 15-7 Mo a t  -320°F (78°K). 
PH and PH 14-8 Mo have e q u a l  uniform s t r a i n  c a p a b i l i t y ,  as-welded a t  -320°F 
(78"K), t h e  17-7 PH specimens p r e s t r a i n e d  a t  -320°F (78°K) tended t o  f a i l  
prematurely dur ing  t e n s i l e  tes t .  PH 14-8 Mo d i d  n o t  demonst ra te  t h e  same 
tendency. 

And, w h i l e  17-7 

Based on o v e r a l l  performance, PH 14-8 Mo w a s  chosen f o r  t e s t i n g  i n  Tasks 
V I 1  and V I I I .  

Parent Metal Tests 

R e s u l t s :  Uniform s t r a i n  c a p a b i l i t y  (USC) v a l u e s :  

Each a l l o y  had been procured i n  s h e e t  form, 0.050 i n .  (0 .127 cm) t h i c k ,  
Condi t ion A. Twelve specimens of t h e  t y p e  shown i n  F igure  18 were made from 
each a l l o y ,  s i x  l o n g i t u d i n a l ,  and s i x  long  t r a n s v e r s e .  Three of t h e  longi -  
t u d i n a l  and t h r e e  of  t h e  long  t r a n s v e r s e  specimens of each a l l o y  were t ens i l e  
t e s t e d  t o  f a i l u r e  a t  room tempera ture .  The remaining specimens of each a l l o y  
were s i m i l a r l y  t e s t e d  a t  -3200F (78OK). 
tests were: u l t i m a t e  t e n s i l e  s t r e n g t h ,  t o t a l  e l o n g a t i o n  (F igure  4) i n  2 i n c h e s  
(5.08 cm), and uniform e l o n g a t i o n  (F igure  4) i n  1 i n c h  (2.54 cm). The uniform 
e l o n g a t i o n s  f o r  each set  of t h r e e  specimens r e p r e s e n t a t i v e  of an  a l l o y ,  g r a i n  
d i r e c t i o n ,  and tes t  tempera ture ,  were averaged.  

The p r o p e r t i e s  ob ta ined  from t h e s e  

These average e l o n g a t i o n  v a l u e s  were des igna ted  as uniform s t r a i n  capa- 
b i l i t y  (USC) v a l u e s .  The USC v a l u e s  e s t a b l i s h e d  f o r  each a l l o y  are l i s t e d  i n  
Table  16 .  
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Table 16 - 'JSC Values, Task VI, Parent Metal Tests 

A1 loy 

PH 14-8 MO 
PH 14-8 MO 
PH 14-8 MO 
PH 14-8 M O  
PH 15-7 MO 
PH 15-7 M O  
PH 15-7 MO 
PH 15-7 MO 
17-7 PH 
17-7 PH 
17-7 PH 
17-7 PH 

*Gra i n 
direction 

L 
T 
L 
T 

L 
T 
L 
T 

L 
T 
L 
T 

Temp 
OF ( O K )  

RT 
RT 
-320 (78) 
-320 (78) 

RT 
RT 
-320 (78) 
-320 (78) 

RT 
RT 
-320 (78)  
-320 (78) 

Uniform s t ra in  
capabil i ty  

25.0 
25.0 
20.0 
21 .o 
36.0 
36.0 
22.0 
22.0 
48.0 
48.0 
25.0 
20.0 

*L = Longitudinal ; T = Long Transverse. 
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S t r a i n  Levels  

The USC v a l u e s  w e r e  used t o  compute t h e  s t r a i n  levels f o r  each a l l o y ,  as 
d e s c r i b e d  i n  Table  6.  The s t r a i n  levels e s t a b l i s h e d  i n  t h i s  manner f o r  each 
a l l o y  are l i s t e d  i n  Table  17.  

Room Temperature T e n s i l e  Tests of P r e s t r a i n e d  Specimens 

Room tempera ture  t e n s i l e  tests were conducted on specimens of each a l l o y  
t h a t  w e r e  p repared  and condi t ioned  as i n d i c a t e d  i n  Table  7. The r e s u l t s  of  
t h e s e  tes ts  are summarized i n  F i g u r e s  42 through 62 and are compiled i n  
Tables  32 t h r u  34 of t h e  appendix.  

Discussion:  The p a r e n t  metal series r e s u l t s  confirmed t h a t  b o t h  PH 15-7 Mo 
and 17-7 PH, l i k e  PH 14-8 Mo, developed s i g n i f i c a n t l y  h i g h e r  room tempera ture  
t e n s i l e  s t r e n g t h s  when s t r a i n e d  a t  -320OF (780K) t h a n  they d i d  when s t r a i n e d  
an e q u a l  amount a t  room tempera ture .  

F i g u r e s  42 through 50 show t h e  l o n g i t u d i n a l  and t r a n s v e r s e  room tempera ture  
t e n s i l e  p r o p e r t i e s  of t h e  three a l l o y s  a f te r  having been s t r a i n e d  a t  room t e m -  
p e r a t u r e  o r  -320°F (78°K) and t h e n  aged one hour  a t  900°F (756°K). Two s i g n i f -  
icant f a c t s  are evidenced i n  t h e s e  p l o t s :  f i r s t ,  s t r a i n i n g  a t  -320°F (78°K) i s  
a much more e f f e c t i v e  means of s t r e n g t h e n i n g  each of t h e  a l l o y s  t h a n  i s  room 
temperature  s t r a i n i n g ;  second, t h e  room tempera ture  t e n s i l e  p r o p e r t i e s  devel-  
oped by each a l l o y  are n e a r l y  t h e  same i n  t h e  l o n g i t u d i n a l  and long t r a n s v e r s e  
d i r e c t i o n s .  None of t h e  a l l o y s  i s  shown t o  b e  s i g n i f i c a n t l y  a n i s o t r o p i c .  A l l  
t h r e e  a l l o y s  developed e s s e n t i a l l y  e q u i v a l e n t  room tempera ture  t e n s i l e  prop- 
ert ies.  
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F i g u r e s  51 through 56 p r o v i d e  a comparison of t h e  room tempera ture  t e n s i l e  
p r o p e r t i e s ,  b o t h  l o n g i t u d i n a l  and t r a n s v e r s e ,  of each a l l o y  a f t e r  s t r a i n i n g  
a t  -320OF (78OK), and a f t e r  s t r a i n i n g  a t  -3200F (780K) and ag ing  one-hour a t  
9000F (7560K). The s i g n i f i c a n t  s t r e n g t h e n i n g  of  each a l l o y  t h a t  i s  achieved 
by t h e  s imple  ag ing  t r e a t m e n t  i s  c l e a r l y  i n d i c a t e d  i n  t h e s e  f i g u r e s .  
t h e  ag ing  t rea tment  a l s o  serves t o  temper t h e  s t r a i n - t r a n s f o r m e d  m a r t e n s i t e ,  
as noted p r e v i o u s l y  i n  Chapter 111. 
toughens each of t h e  a l l o y s .  This  e f f e c t  i s  i n d i c a t e d  by comparing t h e  r e s u l t s  
o f  t h e  t e n s i l e  tes ts  of  a s - s t r a i n e d ,  and s t r a i n e d  and aged specimens of each 
a l l o y ,  Tables  32 t h r u  34. A s  no ted  i n  t h e  Tables ,  some a s - s t r a i n e d  specimens 
of each a l l o y ,  g e n e r a l l y  t h e  more h i g h l y  s t r a i n e d  specimens,  f r a c t u r e d  b e f o r e  
a stress e q u a l  t o  t h e  0.2% o f f s e t  y i e l d  s t r e n g t h  was reached. Specimens of PH 
15-7 Mo were more s u s c e p t i b l e ,  w i t h  1 3  specimens,  t h r e e  s t r a i n e d  only t o  level 
B ,  f a i l i n g  i n  t h i s  manner. Three specimens of 17-7 PH, a l l  s t r a i n e d  t o  t h e  C 
o r  D levels f a i l e d  i n  t h i s  manner. Only two PH 14-8 Mo specimens f a i l e d  i n  
t h i s  way, bo th  t r a n s v e r s e  and p r e s t r a i n e d  t o  level  D a t  -320°F (78°K). By 
comparison, t h i s  type of b r i t t l e  f r a c t u r e  w a s  n o t  observed i n  any aged PH 14-8 
Mo o r  17-7 PH specimens,  r e g a r d l e s s  of s t r a i n  level. However, w h i l e  ag ing  
d i d  e l i m i n a t e  t h e  tendency f o r  such f a i l u r e  i n  t h e  PH 15-7 Mo specimens 
s t r a i n e d  t o  levels A and B y  f o u r  aged specimens t h a t  had been s t r a i n e d  t o  t h e  
C o r  D levels a t  -320°F (78°K) d i d  f r a c t u r e  a t  a stress lower t h a n  0.2% 
o f f s e t  y i e l d  s t r e n g t h .  Therefore ,  the r e s u l t s  i n d i c a t e  that the aging treat- 
ment tempered and toughened the p r e s t r a i n e d  specimens of each a l l o y .  

However, 

The tempering e f f e c t  of t h e  ag ing  treatment 

The room tempera ture  t e n s i l e  p r o p e r t i e s  i n  b o t h  t h e  l o n g i t u d i n a l  and l o n g  
t r a n s v e r s e  d i r e c t i o n s  developed by t h e  t h r e e  a l l o y s  through s t r a i n i n g  a t  -320OF 
(78OK) and a g i n g  a t  900°F (756OK) f o r  one-hour are compared i n  F i g u r e s  57 
through 62. 
N/cm2) i n  b o t h  g r a i n  d i r e c t i o n s .  
duced t o  2.0% o r  less. 

A l l  of t h e  a l l o y s  developed s t r e n g t h s  above 300 000 p s i  (207 000' 
However , e l o n g a t i o n s  were cor respondingly  re- 

Although PH 15-7 Mo w a s  shown t o  develop somewhat h i g h e r  s t r e n g t h s  f o r  
e q u a l  s t r a i n s  than e i t h e r  PH 14-8 Mo o r  17-7 PH, PH 14-8 Mo w a s  chosen f o r  
t e s t i n g  i n  Task VI1 r a t h e r  t h a n  PH 15-7 Mo because  of t h e  i n d i c a t e d  tendency 
of t h e  PH 15-7 Mo specimens f o r  b r i t t l e  f r a c t u r e  even a f t e r  ag ing .  PH 14-8 Mo 
w a s  chosen over  17-7 PH because f o r  e q u a l  s t r a i n s  PH 14-8 Mo developed 
s l i g h t l y  h i g h e r  s t r e n g t h s .  

Weldment T e s t s  

R e s u l t s :  One weld p a n e l  (F igure  21)  was prepared  from r e p r e s e n t a t i v e  s t o c k  of 
each a l l o y .  The p a n e l s  were p e n e t r a n t  i n s p e c t e d ,  X-ray i n s p e c t e d ,  and v i s u a l l y  
i n s p e c t e d .  Except f o r  a s m a l l  amount of l o c a l i z e d  p o r o s i t y  i n  t h e  PH 15-7 Mo 
p a n e l ,  none of t h e  i n s p e c t i o n s  d i s c l o s e d  any s i g n i f i c a n t  o r  r e j e c t a b l e  s i z e d  
d e f e c t s .  Even t h e  p o r o s i t y  i n  t h e  PH 15-7 Mo p a n e l  w a s  no problem. The poros- 
i t y  w a s  confined t o  a 4-inch (10.2-cm) l e n g t h  o f  weld a t  one edge of t h e  pane1 
( t h e  s tar t  l o c a t i o n ) .  Therefore ,  i t  was p o s s i b l e  t o  d i s c a r d  t h e  unsound por- 
t i o n  of t h e  p a n e l  and s t i l l  o b t a i n  t h e  necessary  specimens from t h e  remainder 
of t h e  p a n e l .  
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Figure 56 Room Temperature Transverse Tensile Properties o f  17-7 PH Prestrained 
a t  -320°F (78"K), As-Prestrained vs  Prestrained and Aged One Hour a t  
900 O F  ( 756 O K )  . 
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ALLOY : 

PH 14-8 MO 0 

PH 15-7 MO O 

17-7 PH A 

10 

P r e s t r a i n ,  % 

20 

-i gure 57 Room Temperature L o n g i t u d i n a l  U1 t i m a t e  Tensi  1 e S t reng ths  o f  Three 
A l l o y s  P r e s t r a i n e d  a t  -320°F (78°K) and Aged One Hour a t  900°F (756°K). 
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ALLOY : 

PH 1 4 - 8  MO ‘s\ 
PH 1 5 - 7  MO Q 

1 7 - 7  PH 4 

Prestrain,  % 

:igure 5 8  Room Temperature Longitudinal Tensile Yield Strengths of  Three 
Alloys Prestrained a t  -320°F ( 7 8 ° K )  and Aged One Hour a t  900°F ( 7 5 6 ° K ) .  
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ALLOY: 

PH 14-8 MO O 
PH 15-7 MO 0 

17-7 PH ps 

Prestrain,  % 

Figure 59 Room Temperature Longitudinal Elongations of 
Three Alloys Prestrained a t  -320OF (78OK) and 
Aged One Hour a t  9OOOF (7560K). 
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200 x 10' 

10 
ALLOY : 

PH 14-8 MO O 
PH 15-7 MO 0 

17-7 PH ' A 

0 I 

Prestrain,  % 

Figure 60 Room Temperature Transverse U1 timate Tensile Strengths o f  Three 
Alloys Prestrained a t  -320°F (78°K) and Aged One Hour a t  900°F (756°K). 
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ALLOY : 

PH 14-8 Mo 

PH 15-7 MO Q 

17-7 PH A 

Figure 61 Room Temperature Transverse Yield Strengths o f  Three Alloys Pre- 
strained a t  -320°F (78°K) and Aged One Hour a t  900°F (756°K). 
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ALLOY: 

PH 14-8Mo Pl 
PH 15-7 MO *@ 

17-7 PH 4 

P r e s t r a i n ,  % 

F i g  . 62 Room Temperature Transverse  Elongat ions 
o f  Three Alloys P r e s t r a i n e d  a t  -320OF (780K) 
and Aged One Hour a t  9 O O O F  (7560K). 

113 



A s  i n d i c a t e d  i n  t h e  weldment t es t  schedule ,  Table  8, t h r e e  welded specimens 
of each a l l o y  were t e s t e d  t o  f a i l u r e  a t  room tempera ture  and t h r e e  a t  -32OOF 
( 7 8 O K ) .  The r e s u l t s  of t h e s e  tests are l i s t e d  i n  Table  18.  The uniform elon- 
g a t i o n s  measured on t h e  specimens t e s t e d  a t  -320OF ( 7 8 O K )  w e r e  used t o  es tab-  
l i s h  t h e  USC v a l u e  f o r  t h e  weldments of each a l l o y ,  t h e s e  i n  t u r n  w e r e  used t o  
c a l c u l a t e  t h e  Level  E t a r g e t  s t r a j n  v a l u e s  l i s t e d  i n  Table  19 .  

temp 
OF 

?T 
RT 
RT 
-320 
-320 
-320 
RT 
RT 
RT 
-320 
-320 
-320 
RT 
RT 
RT 
-320 
-320 
-320 

Table 18 Test Results, Tensile Tests of Weldments a t  Room Temperature 
and -320°F (78°K) 

OK 

RT 
RT 
RT 
78 
78 
78 
RT 
RT 
RT 
78 
78 
78 
RT 
RT 
RT 
78 
78 
78 

A1 loy 
PH 14-8 MO 

A1 1 oy 

PH 14-8 MO 

PH 15-7 MO 

17-7 PH 

PH 15-7 MO 

Strain level E (%)  
[60% o f  USC a t  -320°F (78"K)I 

usc (%) 
Minimum uniform elongation 

a t  -320°F (78"K), %. in 1 inch (2.54 cm) 
14.0 8.0 
9.0 5.0 
14.0 8.0 

17-7 PH 

Specimen 
No. 

12LWT-1 
-3 
-5 
-2 
-4 
-6 

22 LWT- 1 
-3 
-5 
-2 
-4 
-6 

32LWT-1 
-3 
-5 
-2 
-4 
-6 

I 1 
1 

Total elongation U 1  timate 
i n  i n .  

psi 
133 900 
132 300 
133 100 
292 800 
274 300 
292 800 
134 400 
134 400 
132 500 
202 400 
234 300 
220 800 
120 000 
120 800 
122 400 
232 800 
244 000 
236 800 

N/cm2 I (5.08 cm> 
92 300 
91 200 
91 800 
201 900 
189 100 
201 900 

-- 
24.5 
25.0 
21.0 
14.5 
21.5 

92 700 
92 700 
91 400 
139 600 
161 500 
152 200 
82 700 
83 300 
84 400 
160 500 
168 200 
163 300 

36.0 
34,5 
35.0 
10.0 
11.0 
10.0 
41.0 
40.5 
42.5 
14.5 
17,0 
15.5 

Table 19 USC and S t r a i n  Level Values, Task VI, Weldment Tests 

Other  specimens prepared  from t h e  weld p a n e l s  were condi t ioned  and t e s t e d  
as s p e c i f i e d  i n  Table  8. The r e s u l t s  of t h e s e  tests a r e  l i s t e d  i n  Tables  20 
through 22 .  
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Discuss ion:  The weldment tests were conducted t o  develop d a t a  by which 
t o  compare t h e  uniform strain c a p a b i l i t y ,  a t  -320°F ( 7 8 " K ) ,  of t h e  t h r e e  
a l l o y s  i n  t h e  as-welded c o n d i t i o n .  Also,  t o  d e t e r n i n e  how the room tempera- 
t u r e  t e n s i l e  p r o p e r t i e s  of each  a l l o y  are a f f e c t e d  when: 

a )  S t r a i n e d  a t  room tempera ture  and t h e n  aged one hour  a t  900°F ( 7 5 6 ' K ) ,  

b )  S t r a i n e d  a t  -320°F (78°K)  and t h e n  aged one hour  a t  900°F ( 7 5 6 ° K ) .  

PH 14-8 Mo and 17-7 PH, as-welded, had e q u a l  uniform s t r a i n  c a p a b i l i t y  
a t  -320°F (78 'K) ;  14%. The corresponding uniform s t r a i n  c a p a b i l i t y  f o r  PH 
15-7 Mo i s  9%. 

The PH 14-8 Mo specimens were i n a d v e r t e n t l y  s t r a i n e d  lesser amounts a t  
b o t h  room tempera ture  and -320°F ( 7 8 ° K )  t h a n  were t h e  17-7 PH specimens. How- 
ever, t h e  room tempera ture  t e n s i l e  s t r e n g t h s  of t h e  p r e s t r a i n e d  and aged PH 
14-8 Mo specimens were found t o  b e  g r e a t e r  t h a n  t h e  s t r e n g t h s  of comparably 
condi t ioned  17-7 PH specimens. Also,  t h e  as-welded 17-7 PH specimens s t r a i n e d  
a t  -320°F ( 7 8 ° K )  and t h e n  aged tended t o  f a i l  a t  a stress level less t h a n  t h a t  
e q u i v a l e n t  t o  t h e  0.2% o f f s e t  y i e l d  s t r e n g t h .  

Compared on t h e  b a s i s  of t h e  r e s u l t s  of t h e  weldment tests, PH 14-8 Mo 
w a s  judged t h e  b e t t e r  of t h e  three a l l o y s .  

Higher S t r a i n  Rate Tests 

R e s u l t s :  A s  i n d i c a t e d  i n  t h e  h i g h e r  s t r a i n  ra te  tes t  s c h e d u l e ,  Table  9 ,  
t h r e e  specimens of  each a l l o y  were t e n s i l e  t e s t e d  t o  f a i l u r e  a t  room temper- 
a t u r e  and t h r e e  a t  -3200F ( 7 8 0 K ) .  These were t e s t e d  a t  a s t r a i n  ra te  of 1 . 5  
i n . / i n . / m i n  (1.5 cm/cm/min). The uniform e l o n g a t i o n s  measured on t h e  specimens 
t e s t e d  a t  -320°F ( 7 8 ° K )  were used t o  e s t a b l i s h  a h igh  s t r a i n  ra te  minimum USC 
f o r  each  a l l o y .  The USC v a l u e s  were t h e n  used t o  c a l c u l a t e  two s t r a i n  l e v e l s  
f o r  each a l l o y ,  levels X and Y ,  which were 50% and 75%, r e s p e c t i v e l y ,  of an  al-  
l o y ' s  USC a t  -320°F ( 7 8 ° K ) .  The r e s u l t s  of t h e s e  tests are l i s t e d  i n  Table  23. 

I 

Room tempera ture  t e n s i l e  tests were conducted on o t h e r  specimens of each 
a l l o y  t h a t  had been condi t ioned  as s p e c i f i e d  i n  Table 9 .  
tests are  g iven  i n  Table  24. 

The r e s u l t s  of t h e s e  

Discussion:  I n  Table  25 t h e  t e n s i l e  p r o p e r t i e s  developed by t h e  t h r e e  
a l l o y s  through s t r a i n i n g  a t  room tempera ture  and -3200F ( 7 8 0 K )  and ag ing  one 
hour  a t  9000F (756OK)  a r e  compared f o r  s t a n d a r d  and h i g h  s t r a i n  r a t e s .  No 
s i g n i f i c a n t  advantage w i t h  r e s p e c t  t o  t o t a l  s t r e n g t h e n i n g  c a p a b i l i t y  i s  i n d i -  
c a t e d  f o r  e i t h e r  s t r a i n  rate. 
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Spec i men 
number 

Room temperature tensile 
properties 

0.2:. offset  
Measured Ultimate strength Yield strength, Elongation 

% in 2 in.  
Strain d a t a  

Tgnip, Level Target, prestrain, . 
F psi IN/cm2 psi I N/clll2 (5*08 c l l l )  

*12LWS - 1 ' RT 
- 3  RT 
- 5  RT 

~ - 
E 8.3 10.0 161 800 111 600 126 500 87 200 20.5 
E 8.0 10.0 161 800 111 600 127 100 87 600 20.0 
E 8.0 10.0 161 800 111 600 135 300 93 300 20.0 

Table 21 Weld Test Results: PH 15-7 Mo 

I *All specimens aged 1 hour  a t  900°F (756°K). I 

- 6  
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Table 22 Meld Test Results: 17-7 PH 

T o t a l  
X, i n  2 i n .  (5.08 cm) 

. Room temperature tensile 
properties 

Uniform 
% i n  1 i n .  (2.54 cm) 

Ultimate strength 

I 

Yield strength, 
0.2% offset  

1.50 
1.50 
1.50 
1.50 
1.50 
1.50 

il ongation 
in 2 in. 

(5 .08  cm) 

1.50 
1.50 
1.50 
1.50 
1.50 
1.50 

Specimen 
number 

Strain d a t a  
Measured 
restrain,  

% 
Tgmp, 

F 
Level Target, 

% psi N/cm2 DS i N/cm2 

32LWS - 1 
- 2  

- 5  

32LWS - 2.' 

- 4§  

- 6' 

RT 
RT 
RT 

-320 

-320 

-320 

8.0 

8.0 

8.0 

8.0 

8.0 

8.0 

11.0 
11.0 
11.0 

9.0 

9.0 

9 . 0  

132 700 

135 200 

140 600 

211 200 

202 700 

9 1  500 

93 200 

96 900 

145 600 

139 800 

102 400 

105 800 

109 400 

- 

70 600 

72 900 

75 400 

37.5 

34.0 

32.0 

1 .5  

1.5 

*All specimens aged 1 hour a t  900°F (756°K) 
:Failed o u t  of gage 
Failed before 0.2% offset .  

Table 23 High S t r a i n  Rate Tensile Tests - 
use 
a t  

320oF 
78OK) 

S t r a i n  r a t e  Test 
tf - 

OF 

I - 
OK 
- 
RT 
RT 
RT 
78 
78 
78 - 
RT 
RT 
RT 

78 
78 

78 

- 
RT 
RT 
RT 
78 
78 
78 - 

le s t rength  

N/cmL 

Ul t imate  ten! 

p s i  

Specimen 
No. 

'H 14-8 MO) 
11LRH-1 

-2 
-3 

11 LNH-1 
-2 
-3 

n./in./min cm/cm/min 4- 
RT 
RT 
RT 

-320 
-320 
-320 

121 600 
122 400 
123 200 
283 200 
290 400 
291 200 

83 800 
84 400 
84 500 

195 300 
200 200 
200 800 

31.0 
30.0 
30.0 
19.0 
20.5 
21 .o 

26.0 
26.0 
25.0 
18.0 
19.5 
19.5 

1.50 
1.50 
1.50 
1.50 
1.50 
1.50 

1.50 
1.50 
1.50 
1.50 
1.50 
1.50 

18.0 

(PH 15-7 Ma) 
21LRH-1 

-2 
-3 

ZlLNH-1 
-2 
-3 

RT 
RT 
RT 

-320 
-320 
-320 

114 600 
115 400 
114 600 
293 700 
293 300 
( F a i l e d  ou 

36 .O 
35.0 
36.0 
20.5 
21.7 

30.0 
32.0 
34 .o 
18.5 
20.0 

79 000 
79 600 
79 000 

202 500 
202 200 
if gage) 

73 900 
72 800 
73 400 

18.0 

- 

20.0 

(17-7 PH) 
31LRH-1 

-2 
-3 

31LNH-1 
-2 
-3 

1.50 1.50 
1.50 1.50 
1.50 1.50 

RT 
RT 
RT 

-320 
-320 
-320 - 

107 200 
105 600 
106 400 
( F a i l e d  ou 

48.0 
45.0 
46.0 

24.0 20.5 
25.0 I 23.0 

--- 

42 .O 
37.0 
38.0 
--- if gage) 

276 000 190 300 
280 000 I 193 000 

I :::: 
1.50 
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Table 24 Task VI High Strain Rate Test Results 
Sa 

1 ongatior 
: i n  2 i n  
(5.08 cm) 

18.0 
16.0 
23.0 
19.5 
8.0 
7.0 
4.5 
2.0 
30.0 
26.5 
35.0 
28.5 
6.5 
7.0 
4.5 
5.5 
33.5 
33.5 
39.0 
38.5 
7.5 
5.5 
9.0 
2.5 

r e s t r a i n  (%)  Room teml 
U l t i m a t e  t e n s i l e  

s t r e n g t h  

- a t u r e  ten,  
Tensi l i  

, t rength (( 

psi  

89 700 
104 600 
109 400 
140 400 
165 500 
217 700 
259 600 
305 200 
94 400 
95 700 
110 200 
127 700 
218 400 
185 000 
278 600 
279 400 
75 300 
96 800 
92 800 
109 100 
183 600 
228 000 
228 500 
290 600 

le  propert  
r i e l d  
!% o f f s e t )  

!l/cm." 

61 800 
72 100 
75 400 
96 800 
114 100 
150 100 
179 000 
210 400 
65 100 
66 000 
76 no0 
88 000 
150 600 
127 600 
192 100 
192 600 
51 900 
66 700 
64 000 
75 200 
126 200 
157 200 
157 600 
200 400 

S t r a i r !  
l e v e l  

Pres t r a i  n 
- 
Zctual 

tei - 
OF 
- 
OK 

RT 

RT 

RT 

QT 

78 
78 
78 
78 
RT 

RT 

RT 

RT 

78 
78 
78 
78 
RT 

RT 

RT 

RT 

78 
78 
78 
78 

- 

- 

_. 

- 

- 

__ 

- 

A1 1 oy 

'H 14-8 MI 

'H 15-7 MI 

- 
a r g e t  

p s i  

144 800 
145 800 
147 800 
160 700 
214 210 
234 600 
275 400 
314 900 
142 400 
140 600 
145 500 
151 000 
232 700 
229 000 
291 700 
293 800 
121 800 
133 600 
129 200 
134 500 
220 600 
238 800 
260 800 
300 700 

N/cm 

99 800 
100 500 
101 900 
110 800 
147 800 
161 800 
189 900 
217 100 
98 200 
96 900 
100 300 
104 100 
160 400 
157 900 
201 100 
262 600 
84 000 
92 100 
89 100 
92 700 
152 100 
164 700 
179 800 
207 300 

RT 

RT 

RT 

RT 

-320 
-320 
-320 
-320 

- 

- 
RT 
RT 

RT 

RT 

-320 
-320 
-320 
-320 
RT 

RT 
RT 

RT 

-320 
-320 
-320 
-320 

- 

- 

- 

9.0 
13.0 
9.0 
13.0 
9.0 
13.0 
9.0 
13.0 
9.0 
13.0 
9.0 
13.0 
9.0 
13.0 
9.0 
13.0 
10.0 
15.0 
10.0 
15.0 
10.0 
15.0 
10.0 
15.0 

- 

- 

- 

8.0 
13.0 
8.5 
13.0 
9.0 
13.0 
9.0 
13.0 
8.5 
12.0 
9.0 
12.0 
9.5 
14.0 
10.0 
12.0 
9.0 
14.0 
10.0 
14.5 
11.0 
15.0 
10.5 
14.5 

- 

Xb 
YC 

X: agedcse 

Y :  agedc'e 
X 

Y 
X :  agede 
Y :  agede 
X 

Y 

X :  agede 

F 
YC 

X: ageddse 
Y :  agedbse 
X 

Y 
X: agede 
Y:  agede 

X 

Y 

X: agede 
Y: agedcIe 

17-7 PH 

'Average o f  t h r e e  t e s t s  unless noted. 

'One t e s t .  

Average o f  f o u r  t e s t s .  

eAged 1 hour a t  900°F (756'K), 
a i r  cooled. 

'Average o f  f o u r  t e s t s .  

Table 25 Comparison of Propert ies  Developed by Standard and High S t r a i n  Rates, A l l  Specimens Aged 1 Hour 
a t  900°F (756'K) a f t e r  S t r a i n i n q  

~~ 

A l l o y  P r e s t r a i n  Actual S t r a i n  r a t e  Room temoe 
' temp strain$ ' i n . / i n . / m i n  cm/cm/min U l t i m a t e  

O F  "K psi  N/cmZ 

i t u r e  t e n s i l e  oroDert ies  I 
Y i e l d  Elonqation 

(5.08 cm) 

0.050 0.050 154 400 106 500 
0.050 0.050 162 800 112 300 I 1 1 'i.: 

1 1.5 1 1.5 I147 800 I101 900 
13.0 1.5 1.5 160 700 110 800 

-320 9.0 0.050 0.050 253 700 174 900 
-320 78 14.5 0.050 0.050 324 100 223 500 
-320 9.0 1.5 1.5 275 400 189 900 
-320 78 13.0 1.5 1.5 314 900 217 100 

IH 14-' " 

'H 15-7 MO RT RT 9.0 0.050 0.050 147 100 101 400 
RT RT 13.0 0.050 0.050 160 200 110 500 

RT RT 12.0 1.5 1.5 151 000 104 100 
-320 78 7.0 0.050 0.050 252 200 172 900 
-320 78 13.0 0.050 0.050 328 300 226 400 
-320 78 9.5 1.5 1.5 291 700 201 100 
-320 78 14.0 1.5 1.5 293 800 202 600 

RT RT 9.0 1.5 1.5 145 500 ion 300 

0.050 
0.050 

10.0 
14.5 

-320 9.5 

2.5 
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R o l l  S t r a i n i n p  Tests 

R e s u l t s :  Specimens of each a l l o y  were r o l l e d  a t  room t empera tu re  and 
o t h e r s  a t  -320°F (78°K). T e n s i l e  test  b a r s  of t h e  t y p e  shown i n  F i g u r e  1 were 
made from t h e  r o l l e d  materials. 
from room tempera tu re  r o l l e d  s t o c k  and t h r e e  t e n s i l e  specimens made from -320°F 
(78'K) r o l l e d  s t o c k ,  were t e s t e d  t o  f a i l u r e  a t  room tempera tu re  i n  t h e  as- 
r o l l e d  c o n d i t i o n .  L i k e  q u a n t i t i e s  of  s i m i l a r l y  cond i t ioned  specimens of each  
a l l o y  w e r e  aged a t  900°F (756°K) f o r  one hour  and then  t e s t e d  t o  f a i l u r e  a t  
room tempera tu re .  

For each a l l o y ,  t h r e e  t e n s i l e  specimens made 

The r e s u l t s  of t h e s e  tests are l i s t e d  i n  Table  26. 

A s  shown i n  Table  26, PH 15-7 Mo developed h i g h e r  room t empera tu re  t e n s i l e  
s t r e n g t h s  through c r y o r o l l i n g  o r  c r y o r o l l i n g  and ag ing  than  e i t h e r  PH 14-8 Mo 
o r  17-7 PH. The d i f f e r e n c e  i s  most marked i n  t h e  y i e l d  s t r e n g t h s ;  PH 15-7 Mo 
developed a y i e l d  s t r e n g t h  of 309 500 p s i  (213 400 N / c m 2 > ,  a v a l u e  approxi-  
mately 9% g r e a t e r  t han  y i e l d  s t r e n g t h s  developed by PH 14-8 Mo and 17-7 PH. 
However, PH 14-8 Mo developed h i g h e r  s t r e n g t h s ,  a s - r o l l e d  o r  r o l l e d  and aged,  
when t h e  r o l l i n g  was done a t  room tempera ture .  

The r o l l i n g  tests confirmed t h a t  cryoworking, r e g a r d l e s s  of  whether  by 
c r y o s t r a i n i n g  i n  u n i a x i a l  t e n s i l e  o r  by c r y o r o l l i n g ,  is  an e f f e c t i v e  means of  
s t r e n g t h e n i n g  each  of t h e  a l l o y s  t e s t e d .  

Table 26 Test Results, Task VI Roll-Strain Tests 
! I Room temperature tensile propertiesa ! 
I 

. . ~  . ... 

i 1 (5.08 cm) j 
I 1 psi 1 N/cm2 I psi 1 N/cm2 

j 155 000 I 1 0 6  900 1 122 100 84 200 ! 1 I Rolledb+agedbYc 1156 800 f 108 100 1 139 100 ! 95 900 i 
i 256 500 I 1 7 6  800 ! 204 400 1140 900 1 -320 1 As rolled 

1 Rolled+agedbYc i 307 500 212 000 i 283 000 I 195 100 i 

PH 14-8 Mol Room temp As rolled, 
22.0 

2.0 
2.0 

r 
j 
> j I 
! j : 146 100 100 700 I 103 400 I 71  300 1 21.5 1 

j Rolled+agedbYc 165 100 113 800 \ 116 200 I 80 100 26.5 I 
r - 7  

Rolled+agedbYc j 318 890 219 800 309 500 i 213 400 ! 
--fl i 

58 800 1 
Rolled+agedbYc 'i 140 500 96 900 i 106 300 j 73 300 / 

i i i I -320 : As rolled i 251 600 173 500 i 208 000 ! 143 400 2.5 : 

I 2.5 I 

b 1 PH 15-7 Yo/ Room temp 1 As rolled 
I ___-.- 

i I-320 j As rolledb j 261 400 180 200 235 900 I162 700 I 2.0 j I 
2.0 

27.5 
33.0 

r-__l_ll 
i 

17-7 PH ! Room temp j As rolled i 130 000 [ 89 600 i 85 300 

i 2 --A -_...____I .---- 
i 

I 1 Rolled+agedbYc 1 303 500 I 209 300 ! 283 600 j 195 500 
I --A _.̂-I_-._ I * i . L .---L---..-- --+ 

1 i 

aAverage of three tests. 
: 
! bMaterial thickness reduced from 0.050 in. (0.127 cm) to 0.043 in. (0.109 cm). 
I 
i 'Aged 1 hour at 900°F (756 OK). 
I -. -- 
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TASK V I  - C O N C L U S I O N  

PH 14-8 Mo w a s  chosen f o r  t e s t i n g  i n  Tasks V I 1  and V I I I .  I t  w a s  chosen 
p r i m a r i l y  because ,  as p r e v i o u s l y  d i s c u s s e d ,  i t  produce.! b e t t e r  r e s u l t s  t h a n  
t h e  o t h e r  a l l o y s  d u r i n g  t h e  weld tes t  series. Also,  t h e  r e s u l t s  of t h e  p a r e n t  
metal tes t  series i n d i c a t e d  t h a t  i t  developed s l i g h t l y  h i g h e r  s t r e n g t h s  f o r  
e q u a l  s t r a i n s  t h a n  17-7  PH, and, a l t h o u g h  developing  lower s t r e n g t h s  t h a n  
PH 15-7 Mo, PH 14-8 Mo demonstrated s u p e r i o r  toughness  t h a n  t h a t  a l l o y - b o t h  
a f t e r  and b e f o r e  a g i n g .  A c t u a l l y  a l l  t h r e e  a l l o y s  showed good response  t o  
c r y o s t r a i n i n g  and none o f f e r e d  marked advantage o v e r  t h e  o t h e r s .  But ,  PH 14-8 
Mo was shown t o  b e  s l i g h t l y  b e t t e r  t h a n  each of t h e  o t h e r s  i n  some r e s p e c t s ,  
t h e r e f o r e  i t  w a s  chosen f o r  f u r t h e r  t e s t i n g .  
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TASK VI1 - THERMAL RESPONSE TESTS 

R e s u l t s :  The Task VI1 test r e s u l t s  are l i s t e d  i n  Table  35 of Appendix A. Con- 
s t a n t  tempera ture  ag ing  curves developed from these .  d a t a  are shown i n  F i g u r e s  
63 through 65. 

Discuss ion:  These tes ts  were conducted i n  accordance w i t h  t h e  tes t  s c h e d u l e ,  
Table  1 2 ,  t o  de te rmine  how v a r i o u s  t ime-temperature  ag ing  c y c l e s  a f f e c t  t h e  
room tempera ture  t e n s i l e  p r o p e r t i e s  developed by c r y o s t r a i n e d  PH 14-8 Mo. 

Aging t h e  c r y o s t r a i n e d  PH 14-8 Mo f o r  0.5 hour  a t  1100°F (866°K) produced 
comparat ively poor  room tempera ture  t e n s i l e  p r o p e r t i e s  (Table  35) ,  r e g a r d l e s s  
of t h e  s t r a i n  level .  

Aging t h e  c r y o s t r a i n e d  PH 14-8 Mo a t  1000°F (811°K) a l s o  produced compara- 
t i v e l y  poor  r e s u l t s ,  as i n d i c a t e d  i n  F i g u r e s  63, 64 and 65. The d a t a  i n d i c a t e  
t h a t  a g i n g  a t  llOO'F (866°K) o r  1000°F (811°K) r e s u l t s  i n  overaging c r y o s t r a i n e d  
PH 14-8 Mo material, even i f  ag ing  t i m e  is  l i m i t e d  t o  0 .5  hour .  The room t e m -  
p e r a t u r e  t e n s i l e  s t r e n g t h s  developed by ag ing  c r y o s t r a i n e d  PH 14-8 Mo a t  t h e s e  
tempera tures  are low compared t o  t h e  s t r e n g t h s  developed by e q u i v a l e n t l y  cryo- 
s t r a i n e d  material aged a t  lower tempera tures .  Also,  w h i l e  t h e  t e n s i l e  s t r e n g t h s  
developed through a g i n g  the. c r y o s t r a i n e d  material a t  1000°F (811°K) and 1100°F 
(866°K) are r e l a t i v e l y  low, e l o n g a t i o n s  of t h e  aged m a t e r i a l  do n o t  improve 
cor respondingly .  

A s  i n d i c a t e d  i n  F i g u r e s  63, 64, and 65 ag ing  c r y o s t r a i n e d  PH 14-8 Mo a t  
800°F (700"K), 900'F (756'K), o r  950°F (783°K) w i l l  produce e s s e n t i a l l y  e q u a l  
t e n s i l e  p r o p e r t i e s  f o r  a given c r y o s t r a i n e d  c o n d i t i o n ,  provided ag ing  t i m e  i s  
a p p r o p r i a t e l y  a d j u s t e d  f o r  tempera ture .  Regard less  of ag ing  tempera ture ,  
s t r e n g t h s  i n c r e a s e  w i t h  i n c r e a s i n g  t i m e  a t  tempera ture  u n t i l  t h e  maximum v a l u e s  
p e r  c r y o s t r a i n  c o n d i t i o n  are reached ,  then  i n c r e a s i n g  t i m e  a t  tempera ture  pro- 
duces lower s t r e n g t h s .  By c o n t r a s t ,  however, corresponding e l o n g a t i o n  v a l u e s  
remain r e l a t i v e l y  c o n s t a n t ,  showing no improvement w i t h  i n c r e a s e d  aging t i m e .  

Aging, as noted  i n  Chapter 111, serves a d u a l  purpose of s t r e n g t h e n i n g  and 
a l s o  tempering t h e  mar tena i t ic  s t r u c t u r e  of t ransformed PH 14-8 Mo. The temper- 
i n g  e f f e c t ,  o r  more a c c u r a t e l y  t h e  l a c k  of tempering,  was noted  i n  t e s t i n g  t h e  
16% c r y o s t r a i n e d  specimens a f t e r  a g i n g  0.5 and 1 hour a t  800°F (700°K). A l l  
f o u r  of t h e s e  specimens f r a c t u r e d  b e f o r e  0.2% o f f s e t  (0.004 i n c h  CO.010 cm]) 
s t r a i n  w a s  reached ,  This  b r i t t l e  behavior  s u g g e s t s  t h a t  t h e  s h o r t  ag ing  p e r i o d s  
a t  t h e  800°F (700'K) tempera ture  d i d  n o t  p r o v i d e  f o r  adequate  tempering of t h e  
h i g h l y  s t r a i n e d  material .  
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T i  me 
(hr) 

1 
2 
4 
8 

TASK VI11 - TOUGHNESSy STRESS CORROSION, HIGH ENERGY RATE 
STRAININGy AND COMPRESSION TESTS 

Temperature 
800°F (700°K) 900°F (756°K) 950°F (783°K) 

X X X 
X 

X X X 
X X X 

Toughness Tests 

R e s u l t s :  R e s u l t s  of t h e  edge-notched and center-cracked specimen tests are 
l i s t e d  i n  Table  27. F i g u r e  66 is  a p l o t  of t h e  notched-unnotched s t r e n g t h  
r a t i o s  f o r  b o t h  t y p e s  of specimens vs a g i n g  t i m e  a t  t h e  t h r e e  ag ing  tempera- 
t u r e s .  

Discussion:  
Mo aged a t  950°F (783°K) develops b e t t e r  notched-unnotched s t r e n g t h  r a t i o s  
than  a g i n g  a t  900°F (756°K) o r  a t  800°F (700°K). 

The d a t a  p l o t t e d  i n  F i g u r e  66 i n d i c a t e  t h a t  c r y o s t r a i n e d  PH 14-8 

In  Task VI1 i t  w a s  found t h a t  e s s e n t i a l l y  equal room tempera ture  t e n s i l e  
p r o p e r t i e s  can b e  developed i n  c r y o s t r a i n e d  PH 14-8 Mo ( f o r  a given s t r a i n  
l e v e l )  by ag ing  a t  any of t h e  t h r e e  tempera tures ,  i f  ag ing  t i m e  i s  a p p r o p r i a t e l y  
a d j u s t e d .  Consider ing t h i s  w i t h  r e s p e c t  t o  t h e  t r e n d  i n d i c a t e d  i n  F i g u r e  66, 
800°F (700°K) is  shown t o  b e  t h e  least  d e s i r a b l e  ag ing  tempera ture ,  s i n c e ,  by 
comparison w i t h  a g i n g  a t  900°F (756°K) o r  950°F (783"K), a g i n g  a t  800°F (700°K) 
o f f e r s  no improvement i n  t e n s i l e  p r o p e r t i e s  and r e l a t i v e l y  lower toughness .  ,, 

S i m i l a r l y ,  ag ing  a t  900°F (756°K) i s  shown t o  b e  somewhat less e f f e c t i v e  t h a n  
aging a t  950°F (783'K) w i t h  r e s p e c t  t o  re la t ive toughness developed a t  a g iven  
s t r e n g t h  level. 

Stress Corrosion Tests 

R e s u l t s :  
posed t o  a 3.5% aqueous NaCR s o l u t i o n  on an a l t e r n a t i n g  c y c l e  of 10 minutes  
immersed i n  t h e  s o l u t i o n ,  50 minutes  o u t  of  s o l u t i o n .  The test w a s  t e rmina ted  
a t  t h e  completion of 523 c y c l e s .  None of t h e  specimens developed stress cor- 
r o s i o n  c racks .  

Specimens of PH 14-8 Mo prepared  as i n d i c a t e d  i n  Table  1 4  were ex- 

Table  28 i s  a compi la t ion  of test r e s u l t s .  A s  i s  i n d i c a t e d ,  specimens of 
t h e  normally h e a t  t r e a t e d  PH 14-8 Mo, t h o s e  i n  c o n d i t i o n s  SRH 950 o r  SRH 1050, 
were more a f f e c t e d  by t h e  s a l t  s o l u t i o n  t h a n  t h e  specimens of c r y o s t r a i n e d  
m a t e r i a l  o r  specimens t e s t e d  i n  t h e  room tempera ture  s t r a i n e d  o r  annealed con- 
d i t i o n s .  
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Table 2 8  Test Results, Task VI11 Stress Corrosion Tests 

Specimen number 
(Ref. Table 1 4 )  

AA- 1N- 1 
- 2  
-3  

AA- 2 N- 1 
-2 
-3  

AA- 3N- 1 
- 2  
-3  

AA-4N-1 
- 2  
-3  

AA- 5N- 1 
- 2  
-3  

AA-GN- 1 
-2  
-3  

AA- 7N- 1 
-2  
- 3  

AA-8N-1 
- 2  
-3 

AA-9N-1 
-2 
-3 

AA- 10N- 1 
-2 
-3 

AA- 11N- 1 
- 2  
-3 

AA- 12N- 1 
-2 
-3  

Specimen condition a f t e r  5 2 3  a1 ternate immersion cycles, 10 
minutes immersed i n  3.5% NaCa solution, 5 0  minutes o u t  

No 
visible  
change 

Very 
l i g h t  

uniform 
rust  

X 

X 
X 
X 

X 
X 

X 
X 

X 
X 

X 
X 

X 
X 

X 
X 

X 
X 

X 

L i  gt i t  
u n i  form 

rust  

X 

X 

X 

X 

X 

X 

X 

X 

X 
X 
X 
X 
X 

1-10 derate 
u n i  form' 
rus t  

Heavy 
uniform 
rus t  

Sectioned 
for 

metal 7 ographi c 
examination 

X 
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Table 28 Test Results, Task VI11 Stress Corrosion Tests - Continued 

Specimen number 
(Ref. Table 14) 

AA- 13N- 1 
-2 
-3 

AA- 14N- 1 
-2 
-3 

AA- E N -  1 
-2  
-3  

AA- 16N- 1 
-2 
-3 

AA- 17N- 1 
-2 
-3  

AA- 18N- 1 
-2 
-3 

AA- 19N- 1 
-2 
- 3  

AA-20M- 1 
-2 
- 3  

BB- 1N- 1 
-2 
-3 

BB-2N-1 
-2 
-3 

BB- 3N- 1 
-2 
- 3  

BB-4N- 1 
-2 
-3  

Specimen condition a f t e r  523 a1 ternate immersion cycles, 10 
minutes immersed in 3.5% NaCa solution, 50 minutes o u t  

No 
rli s i  bl e 
:hange 

Very 
1 ight 

uni form 
rust  

X 

X 
X 
X 
X 
X 
X 
X 

L i g h t  
uni form 
rus t  

X 
X 
X 
X 
X 
X 

X 
X 
X 
X 
X 
X 

X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 

Mode rat e 
uniform 
rus t  

Heavy 
uni form 
rust  

Section 
for  

metal 1 ographi c 
exami nation 
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Table 28 Test Results, Task VI11 Stress Corrosion Tests - Continued 

Specimen number 
(Ref. Table 14) 

BB-5N- 1 
-2 
-3  

BB-6N-1 
-2  
-3 

BB-7N- 1 
-2  
-3 

BB-8N- 1 
-2 
-3 

BB-9N- 1 
-2 
-3 

BB- 10N- 1 
-2 
-3 

BB- 11N- 1 
-2 
-3 

BB- 12N- 1 
-2 
-3 

BB- 13N- 1 
-2 
-3 

BB- 14N- 1 
-2 
-3 

BB- 15N- 1 
-2  
-3 

BB- 16N- 1 
-2 
-3  

Specimen condition a f t e r  523 a1 ternate immersion cycles, 10 
minutes immersed i n  3.5% NaCR sclution, 50 minutes o u t  

No 
vis ible  
change 

Very 
1 i g h t  

uniform 
rust  

X 
X 

X 
X 

X 
X 

X 
X 

b i g h t  
mi form 
rust  

X 

X 

X 

X 

X 
X 
X 
X 
X 
X 

X 
X 
X 
X 
X 
X 
X 
X 
X 

X 
X 
X 
X 
X 
X 
X 
X 
X 

Moderate 
uniform 
rust 

Heavy 
u n i  form 
rust 

Sect i on 
for 

netal 1 ographi  c 
examination 

X 

X 

X 

X 

X 

X 
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Table 28 Test Results, Task VI11 Stress Corrosion Tests - Continued 
'1' 

Specimen number 
(Ref. Table 14) 

BB- 17N- 1 
- 2  
-3 

BB- 18N- 1 
-2  
- 3  

E6 - 1 9N- 1 
-2  
-3 

BB-20N 
x x - 1  
xx-2 
xx- 3 
xx-4 
xx- 5 
XX-6 
s9- 1 
S9-2 
s9- 3 
s9-4 
s9- 5 
S9-6 
s1- 1 
s1-2 
S1-3 
S1-4 
S1-5 
S1-6 
AA- 1 R -  1 

-2  
-3 

AA-2R-1  . 
-2  
-3 

BB- 1 R -  1 
- 2  
- 3  

Specimen condition a f t e r  523 a l te rna te  immersion cycles,  10 
minutes immersed i n  3.5% NaCa solut ion,  50 minutes o u t  

N 0 
v is ib le  
change 

Very 
l i gh t  

uniform 
rust 

Light 
uniform 
rus t  

Moderate 
uni forn 
rus t  

I 1 x 1  

X 
X 
X 

Blank damaged in processing 

Heavy 
mi form 
rus t  

X 
X 
X 
X 
X 
X 

X 
X 

X 
X 

Section 
for 

netal 1 ographi c 
examination 
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Table 28 Test Results, Task VI11 Stress Corrosion Tests - Concluded 

Specimen number 

Discuss ion:  The r e s u l t s  i n d i c a t e  t h a t  PH 14-8 Mo i n  t h e  annea led ,  c r y o s t r a i n e d  
and aged,  o r  room t e m p e r a t u r e  s t r a i n e d  and . a g e d  c o n d i t i o n s  i s  more r e s i s t a n t  
t o  c o r r o s i o n  by t h e  3.5% N a C R  s o l u t i o n  t h a n  PH 14-8 Mo i n  e i t h e r  t h e  SRH 950 o r  
SRH 1050 c o n d i t i o n s .  

F i g u r e s  6 7 ,  68,  and 69 are photomicrographs of s e c t i o n s  through t h e  most 
h i g h l y  s t r e s s e d  p o r t i o n s  of specimens S1-6, S9-6 and BB-19N-3 (Ref.  Table  1 4 ) .  
BB-19N-3 w a s  r e p r e s e n t a t i v e  of r u s t e d  c r y o s t r a i n e d  specimens,  S1-6 and S9-6 
were specimens of SRH 1050 and SRH 950 condi t ioned  PH 14-8 Mo, r e s p e c t i v e l y .  
A l l  t h r e e  had been s t r e s s e d  t o  80% of t h e i r  t e n s i l e  y i e l d  s t r e n g t h  when ex- 
posed t o  t h e  s a l t  s o l u t i o n .  F i g u r e s  68 and 69 show i n t e r g r a n u l a r  c o r r o s i o n  of 
bo th  t h e  SRH 1050 and SRH 950 specimens,  w h i l e  t h e r e  is  no ev idence  of such  
a t t a c k  of t h e  c r y o s t r a i n e d  material shown i n  F i g u r e  67. Of t h e  specimens ex- 
amined m e t a l l o g r a p h i c a l l y  o n l y  t h e  SRH 1050 and SRH 950 specimens showed evi- 
dence of i n t e r g r a n u l a r  a t t a c k .  

Figure 67. 
Photomicroqraph o f  a Section through 
the H i g h l y  Stressed Region o f  Specimen 

(500 X) 
BB- 19N-3. 
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Figure 68. 
Photomicrograph o f  a Section through 
the Highly Stressed Region o f  Specimen 
S1-6 Showing Intergranular Attack. 
(SOOX) 

Figure 69. 
Photomicrograph o f  
the Highly Stressed 
S9-6 Showing Interg 
SOOX) 

a Sec 
Regi 

ranul 

:tion throu 
on of Spec 
a r  Attack. 

gh 
i men 

High Energy Rate Straining Tests 

R e s u l t s :  The h igh  energy  r a t e  s t r a i n i n g  test r e s u l t s  are  l i s t e d  i n  Tables  29 * 

and 30. 
developed by t h e  PH 14-8 Mo s h e e t  materia1 through v a r i o u s  methods of cryo-  
working fol lowed by ag ing  one hour a t  900'F (756'K). The v a l u e s  l i s t e d  are 
taken  from t a b l e s  25, .26 and 30.  

Table  3 1  i s  a compt la t fon  o f  t h e  room tempera ture  t e n s i l e  p r o p e r t i e s  

Discuss ion:  The d a t a  i n  Table  31 i n d i c a t e  t h a t  h ighe r  s t r a i n  ra tes  do o f f e r  
some advantage  w i t h  r e s p e c t  t o  t h e  amount of s t r e n g t h e n i n g  achieved pe r  u n i t  
of s t r a i n .  PH 14-8 when s t r a i n e d  6.0% by t h e  e x p l o s i v e  (h igh  energy r a t e )  
method developed a lmost  t h e  i d e n t i c a l  room t empera tu re  t e n s i l e  p r o p e r t i e s  i t  
developed when s t r a i n e d  9.0% a t  a r a t e  of 1 . 5  i n . / i n . / m i n u t e  i n  u n i a x i a l  t en-  
s i o n .  A l so ,  when s t r a i n e d  9.0% i n  u n i a x i a l  t e n s i o n  a t  a s t r a i n  r a t e  of 0.050 
i n . / i n . / m i n u t e  t h e  y i e l d  s t r e n g t h  developed by t h e  PH 14-8 Mo w a s  about  25% 
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less than its yield strength after being strained 9.0% at 1 . 5  in./in./minute. 
Then, a comparison of the properties developed by the material strained 3 . 0 %  
by the high energy rate method and the material strained in uniaxial tension 
at a rate of 0.050 in./in./minute show a 7.0% higher yleld strength for the 
high energy rate strained material, and equivalent elongations. The data 
indicate that cryostraining at higher strain rates results in the development 
of higher room temperature tensile strengths per unit of strain compared with 
the effects produced by straining at lower rates. However, elongation degrades 
in correspondence with improvement in strength, regardless of the strain rate. 
Thus, while the rate of strengthening apparently increases as strain rate in- 
creases, the data indicate that the same total effect can be achieved regard- 
less of strain rate by merely adjusting the total amount of strain to corre- 
spond with the strain rate used and the strengthening desired. 

Table 29 Room Temperature Tensile Properties o f  PH 14-8 Mo Prestrained 
a t  Room Temperature by a High Energy Rate (Explosive) Method 
and Aged One Hour a t  900°F (756°K) 

Grai na 
direction 

L 
L 

L 
L 
L 
L 
L 
L 

Av 9 
T 
T 

T 
T 
T 
T 

Avg 
T 

Prestrain 
% 

9.0 

9.5 

9.0 

9.5 

10.0 
10.5 

10.5 

9.0 

9.0 

9.0 

9 .0  

9 .0  

9.5 

9.5 

13.0 

Room temperature tens i le  

U1 timate strength 

psi 
141  800 

147 300 

140 900 

150 900 

144 500 

139 100 

147 300 

140 900 

144 100 
140 000 
143 600 

135 200 

140 000 

139 100 

147 300 

140 900 

266 100 

ri/ cm2 
97 800 

101 600 

97 200 

104 000 
99 600 

95 900 

101 600 

97 200 

99 400 

96 500 

99 000 

93 200 
96 500 

95 900 

101  600 

97 100 

183 500 

0.2% 

psi 
131  800 

126 100 
122 700 

124 100 

118 200 

127 300 

139 100 
--- 

127 000 
--- 
--- 

112 800 

99 100 

133 900 

144 600 

122 600 

260 400 

Yield strength, 
Pfset 
N/cm2 
90 900 

86 900 

84 600 

85 600 

81 500 

87 800 

95 900 
--- 

87 600 
--- 
--- 

77 800 

68 300 

92 300 

99 700 

84  500 

179 500 

“operties 

Elongation, 
$ in 2 i n .  (5.08 cm) 

18.5 

18.5 

17.5 

19.5 

20.5 

21.0 

20.5 

23.0 

20.0 

18.0 

18.5 

18.5 

18.0 

17.5 

16.5 

18.0 

5.5 

aRelative t o  mill rol l ing,  L = Longitudinal , T = Long transverse. 
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Table 30 Room Temperature Tensile Properties of PH 14-8 Ma Prestrained 
a t  -320°F (78°K) by a High Energy Rate (Explosive) Method and 
Aged One Hour a t  900°F (756°K) 

Grai na  
li rect i  on 

Prestrai n 
% 

3.0 

3.0 

7.0 
6.0 
6.0 

6.0 

5.0 
5.0 
5.0 

5.0 
5.0 
5.0 

5.0 

Room tt 

U1 timate strength 

psi 

239 100 

241 700 
240 400 

279 100 

280 900 
267 000 

279 100 

276 500 
225 800 
225 000 

229 200 

240 800 
225 200 
228 000 

242 600 

230 900 

N/ cm2 

164 900 

166 700 
165 800 

192 400 
193 700 

184 100 
192 400 

190 600 
155 700 
155 100 

158 000 

166 000 
155 300 
157 200 

167 300 
159 200 

merature tens i le  
Yield strength,  

0.2% 
psi 

216 500 

215 200 
215 600 

268 300 
269 600 

243 500 

258 700 

260 000 
182 500 
183 300 

191 700 

212 500 
199 100 
203 200 
223 900 
199 500 

Iffset 
N/crn2 

149 300 

148 400 
148 700 

185 000 

185 900 
167 900 

178 400 

179 300 
125 800 
126 500 
132 100 

146 500 
137 300 
140 100 
154 400 
137 500 

roPerti es 

El o n g a t i o n ,  
% in 2 i n .  (5.08 cm) 

11.0 
11.0 

11.0 

4.5 
3.5 

5.5 

3.5 
4.25 

10.0 
10.5 

9.5 

6.0 
5.5 
9.0 

4.5 
8.0 

'Relative t o  m i  11 ro l l  ins ,  L = Longitudinal, T = Long transverse. 
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Method of Actual 
cryoworking a t  p res t ra i  n ,  
-320°F (78°K) % 

Uni axi a1 tension 9.0 
14.5 

lbMaterial thickness reduced from 0.050 i n .  (0.127 cm) t o  0.043 i n .  (0.109 cm). 

Room temperature t e n s i l e  properties 
St ra in  r a t e  U1 timate Yield El o nga ti o n 

% i n  2 i n .  
in./in./min cm/cm/min psi N/cm2 psi N/cm2 (5.33 cm) 

0.050 0.050 253 700 174 900 200 100 138 000 11.5 
0.050 - 0.050 324 100 223 500 321 700 221 800 2.0 

Compression Tests 

Resul ts :  Table  32 i s  a compi la t ion  of t h e  r e s u l t s  of t h e  compression tes t  
series of tests.  

Discuss ion:  
o r  a t  room tempera ture ,  and f o r  PH 14-8 Mo i n  t h e  SRH 950 and SRH 1050 condi- 
t i o n s ,  compression and t e n s i l e  y i e l d  s t r e n g t h s  are e s s e n t i a l l y  equal .  However, 
t h e  Bauschinger e f f e c t  ( r e f  15)  i s  m a n i f e s t  i n  t h e  reduced compression y i e l d  
s t r e n g t h  of t h e  s t r a i n e d  and unaged PH 14-8 Mo m a t e r i a l .  
i n d i c a t e  t h a t  ag ing ,  even f o r  s h o r t  p e r i o d s  a t  800°F, provides  s u f f i c i e n t  
stress r e l i e f  t h a t  t h e  Bauschinger e f f e c t  i s  n o t  a problem w i t h  s t r a i n e d  and 
aged PH 14-8 Mo. 

For  s t r a i n e d  and aged PH 14-8 Mo, whether  s t r a i n e d  a t  -320'F (78'K) 

However, t h e  d a t a  

1.5 1.5 
13.0 I 1.5 ' 1.5 

Roll s t ra ined (b)  N/A N/ A 

High energy r a t e  3.0 N/A N/A 
6.0 e N/A N/A 
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275 400 189 900 259 600 179 000 4.5 
314 900 217 100 305 200 210 400 2.0 

307 500 212 000 283 000 195 100 2.0 

240 400 165 800 215 600 148 700 11.0 
276 500 190 600 260 000 179 300 4.5 
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VI. CONCLUSIONS AND RECOMMENDATIONS 

Concl u s i  ons 

The g e n e r a l  conclus ion  t h a t  can b e  drawn from t h e  r e s u l t s  of t h i s  program 
i s  t h a t  PH 14-8 Mo can b e  c r y o s t r a i n e d  and aged t o  s t r e n g t h s  above those  
achieved by i n d u s t r y  s t a n d a r d  t r ea tmen t s .  Also,  a t  some s t r e n g t h s  above t h e  
normal level,  t h e  c r y o s t r a i n e d  and aged PH 14-8 Mo w i l l  r e t a i n  s u f f i c i e n t  tough- 
nes s  and co r ros ion  r e s i s t a n c e  t o  be  cons idered  a u s e f u l  s t r u c t u r a l  material. 

S p e c i f i c  conclus ions  drawn from t h e  r e s u l t s  of t h i s  s tudy  are: 

PH 14-8 Mo, PH 15-7 Mo, and 17-7 PH, can be  c r y o s t r a i n e d  and aged 
t o  s t r e n g t h s  above 300 000 p s i  (206 900 N/cm2). 

The s t r e n g t h s  developed by t h e  t h r e e  a l l o y s  through c r y o s t r a i n i n g  
are n o t  s i g n i f i c a n t l y  a f f e c t e d  by t h e  rate of- s t r a i n i n g .  

Cryos t r a ined  PH 14-8 Mo can be  aged t o  t h e  s a m e  maximum s t r e n g t h  
f o r  a g iven  s t r a i n  level  a t  tempera tures  between 800°F (700°K) and 
950°F (783°K) provided  t h e  aging t i m e  is  a d j u s t e d  accord ing  t o  
ag ing  tempera ture .  Aging t i m e  dec reases  as aging tempera ture  i n -  
creases. 

The toughness of c r y o s t r a i n e d  PH 14-8 Mo, f o r  a s t r e n g t h  l e v e l ,  
improves w i t h  i n c r e a s i n g  aging tempera ture .  Therefore ,  t h e  recom- 
mended ag ing  tempera ture  i s  950°F (783°K). 

Aging c r y o s t r a i n e d  PH 14-8 Mo a t  1000°F (811°K) o r  1050'F (866°K) 
r e s u l t s  i n  overaging .  

The compression y i e l d  s t r e n g t h  of c r y o s t r a i n e d  ( t e n s i o n )  and unaged 
PH 14-8 Mo i s  markedly reduced due t o  t h e  Bauschinger e f f e c t .  

Aging c r y o s t r a i n e d  PH 14-8 Mo p rov ides  s u f f i c i e n t  stress relief s o  
t h a t  degrada t ion  of t h e  compression y i e l d  s t r e n g t h  from t h e  
Bauschinger e f f e c t  i s  e l imina ted .  

PH 14-8 Mo SRH 950 and PH 14-8 Mo SRH 1050 are less r e s i s t a n t  t o  
c o r r o s i o n  by 3.5% NaCR s o l u t i o n  than  PH 14-8 Mo i n  t h e  annea led ,  
c r y o s t r a i n e d  and aged,  o r  room tempera ture  s t r a i n e d  and aged con- 
d i t i o n s .  

PH 14-8 Mo c r y o s t r a i n e d  a t  -320°F (78°K) and aged 4 h r  a t  950'F 
(783°K) develops an  u l t i m a t e  t e n s i l e  s t r e n g t h  20% h ighe r  than  
PH 14-8 Mo c o n d i t i o n  SRH 950, wh i l e  f o r  t h e  same c o n d i t i o n s  t h e  
notched t o  unnotched s t r e n g t h  r a t i o s  are e s s e n t i a l l y  equ iva len t  
(Ref 10 and Table  27). 

PH 14-8 Mo c r y o s t r a i n e d  10% a t  -320°F (78°K) and aged 4 h r  a t  
950°F (783'K) (Table  27) has  an u l t i m a t e  t e n s i l e  s t r e n g t h  t o  den- 
s i t y  r a t i o  of 1.03 x l o 6  inches  (2.62 x l o 6  cm), wh i l e  t h e  equiva- 
l e n t  v a l u e  f o r  PH 14-8 Mo cond i t ion  SRH 950 i s  0.88 x l o 6  inches  
(2.24 x l o 6  cm). 

139 



Recommendations 

The data compiled so far indicate that cryostrained and aged PH 14-8 Mo is 
a potentially useful structural material. But, before a final determination 
can be made other data must be obtained. For that purpose the following recom- 
mendations for additional study are made. 

Determine the resistance of cryostrained and aged PH 14-8 Mo to 
corrosion by salt air, industrial environment, and appropriate 
propellants and pressurants, commonly used in aerospace vehicles, 
as well as solvents, and media used in cleaning and fabrication 
processes. 

Study the effects of cryostraining and aging on the fatigue proper- 
ties of PH 14-8 Mo. 

Determine the properties of cryostrained and aged PH 14-8 Mo at 
cryogenic and elevated temperatures. 

Determine K K and YrH (in appropriate media and environments) 
for cryostrained and aged PH 14-8 Mo. 

IC’ c 
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APPENDIX 

TEST RESULTS FOR TASKS VI AND VI1 

(For Task VI11 refer t o  Tables 27, 28, 29, 30, and 32; 
for Tasks 11, 111, and IV refer t o  Reference 8. )  
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APPENDIX 

Tab1 e 37 Conversions 

To convert from I To 
inch 
inch 
pound force,  l b f  
g ra in  
1 bf / inch2 (psi ) 

lb inch2 (ps i )  

f o o t  l b f  
f/ 

avoi rdupoi s )  
- .  . 

Fahrenheit (temperature) 

1 bm/inch3 

meter 
centimeter 
Newton 
k i  1 ogram 
Newton/meter2 

Newton/cm2 

joule  

Kel v i  n 

Mu1 t i  ply by 
010254 
2.54 
4.4482216152605 
0.00006479891 
6894.7472 

0.68947572 

1.3558179 

K = (5/9) ( F  + 459.67) 

27.679905 
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